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Engineering applications of a capillary barrier system an arrangement of fine
material overlaying a coarser material at a sloping interface to protect e.g. waste or low
radioactive deposits - are considered to be an alternative to the typically used low
permeability layer as a protector against water percolation into deposits.
Ross (1990) developed equations that used material and site-geometric properties
as well as infiltration rate to calculate the diversion capacity, Qa,a, total amount of water
diverted along the sloping interface, and the diversion length, L, length along the
interface before water is percolating into the coarse layer. While Ross' equation strongly
depends upon the value of a (exponent in Gardner's conductivity function), Steenhuis et
al. (1990) developed a similar equation with water (h,) and air entry pressure (ha) as most
critical parameters. Steenhuis et al. (1991) combined Ross' and Steenhuis' solution to
obtain a more accurate prediction of the diversion length. Stormont (1995) modified
Ross' solution to account for constant anisotropy within the fine layer.
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THE TWO - DIMENSIONAL VARIABLY SATURATED FLOW
MODEL SWMS-2D/HYDRUS-2D
1. INTRODUCTION
In the last decades, the influence and importance of the vadose zone as the media
transporting atmospheric water towards aquifers has been increasingly reflected in the
hydrologic literature. In many regions water supply is strongly dependent upon
groundwater as a source; contamination of this water can have tremendous effects on the
development of these regions.
Deposition of municipal wastes and hazardous materials can have adverse effects
on the subsurface environment due to water percolating through this matter and being
contaminated. Covering the wastes with a media of low permeability such as clay or
plastic liners is a commonly used engineering method to diminish the amount of water
percolating through wastes (Ross, 1990: p. 2625).
Another method of reducing the amount of water percolating into waste deposits
is to engineer a capillary barrier above the waste deposits; an arrangement of fine material
overlaying coarse material. Due to the higher capillarity in the overlaying fine material,
this system can, when constructed with a sloped interface between fine and coarse
material, lead to lateral diversion of infiltrating water along the interface. However, at a
certain down-dip distance infiltrating water plus lateral flowing water will lead to higher2
water pressure above the interface and water will (increasingly in down-dip direction)
percolate into the coarse layer, potentially into the waste material deposited.
The knowledge about the so called diversion capacity, Qmax, total amount of water
diverted laterally, and the diversion length, L, length along the interface before water is
infiltrating into the coarse material, is essential for an engineering application ofa
capillary barrier system. Capillary barriers are also seen in natural features, which might
be able to partly explain the relatively quick responses of watersheds (despite lacking
surface runoff) upon atmospheric water input.
Ross (1990) developed predictive relationships for Qmax and L in terms of material
and site-geometric properties and infiltration rate. While Ross considers the a-value
(exponent in Gardner's conductivity function) as an important factor in his equation,
Steenhuis et al. (1990) used the fine soil air entry pressure, ha, and the water entry
pressure of the coarse soil, h, as parameters to obtain the diversion length. Steenhuis et
al. (1991) stated that both Ross' equation and Steenhuis' equation have to be combined to
calculate the actual ability of a capillary barrier to divert water. Stormont (1995) extended
these solutions to incorporate effects of anisotropy in the fine layer.
Billiotte et al. (1988), Fayer et al. (1992), and Oldenburg, Kung and Pruess (1993)
performed numerical simulation to test the effect of a capillary barrier. However, none of
these authors carried out comprehensive evaluations of the validity of above equations by3
changing all involved parameters such as dip angle or infiltration rate as well as the
properties of the material used.
In this project the SWMS-2D/HYDRUS-2D1 code of the U.S. Salinity
Laboratory, Riverside, California was used to simulate the water flow in a two-
dimensional variably saturated capillary barrier system. The program can incorporate
changes in dip angle, infiltration rate, material properties, anisotropy, defects along the
interface and can implement single-layered and double-layered straight and curved
interfaces. A sensitivity and plausibility analysis was performed in this study to test the
outputs of the simulation.
In this report the most important physical features of a capillary barrier are
outlined in chapter 2. Chapter 3 then emphasizes on the analytical approaches established
by different authors to calculate diversion length and capacity. The HYDRUS-2D model
is briefly described in chapter 4; some aspects of the simulations performed such as
material, domain, and mesh properties, as well as a sensitivity/plausibility analysis are
outlined in chapter 5. Finally, the results of the simulation in relation to the predicted
results given by the analytical approaches from chapter 3 are presented in chapter 6 and
chapter 7.
Both codes SWMS-2D and HYDRUS-2D were used in this work to simulate the effects of a capillary
barrier. SWMS-2D is the former version of the commercially available HYDRUS-2D version. For
convenience, in this report the name HYDRUS-2D will be used, only.4
The purpose of this research is to
1.evaluate the general effects of a capillary barrier system upon the movement of
infiltrating water using a numerical model,
2.illustrate the expected results of an engineered capillary barrier system with well
known and commercially available material,
3.test the published analytical approaches from which the diversion capacity and
diversion length can be calculated.5
2. CONCEPT OF A CAPILLARY BARRIER
2.1Definition of a capillary barrier
Ross (1990: p.2625) defined a capillary barrier as an arrangement of unsaturated
fine-grained soil overlaying unsaturated coarse-grained soil along a sloping contact which
can lead to the diversion of infiltrating water away from the coarser material. A similar
definition is given by Stormont (1995: p.783); he also stated that a capillary barrier is
effective if the combined effect of evaporation, transpiration and lateral divergence
exceeds infiltration from precipitation, thereby retaining a sufficiently negative pressure
potential so that breakthrough into the coarse layer does not occur.
2.2 Physical background of a capillary barrier
To predict or simulate the behavior of water flowing in a capillary barrier system
one has to have some understanding of (a) the variably saturated flow in porous media
and some knowledge of (b) the material's properties that comprise the system. Therefore
these two issues will discussed in this chapter.
Let us first have a close look to the interface of two materials of different grain
sizes and idealize the pores between the particles as equal-shaped tubes of diameter d
(notation 1 will be used for the fine and 2 for the coarse material throughout this report).
Such a system is shown in Fig.l. Theoretically, water can not flow from the smaller tubeto the larger tube until the height of the water column h1 exceeds the critical height he,
which is equivalent to the difference in the capillary rise of both tubes (Montazer and
Wilson, 1984; p.28). Montazer and Wilson stated furthermore that he is given by:
hehlh2
2cy ( cos(13 1 )cos(13 )\
=
y d1 d2i
where R1 and P2 are the contact angles between water and the tubes,a is the interfacial
tension between water and the tube wall [FL-1] and 7 is the unit weight of water [FT-3].
6
(1)
This equation indicates that for increasing differences in pore sizeor tube diameter,
respectively, the value of he will increase and therefore the capillary barrier will bemore
effective.
Montazer and Wilson (1984: p.29) noted three factors affecting the effectiveness
of natural capillary barriers: (a) the contrast in pore sizes, (b) the state of flux and (c) the
moisture-content distribution of the adjoining units. Clearly the contrast between the
material used in an engineered capillary barrier system ought to beas big as possible.
Fig.2 shows a sketch of such a system with high contrasting materials, wherea nearly-
saturated, fine soil overlays a nearly-unsaturated, coarse soil.
With sufficient infiltration, water will accumulate above the interface such that the
negative pressure potential in the upper fine soil, h1, will be bigger than he. Thepressure
potential in the lower coarser material will adjust its magnitude to the changingpressureFig.1 Idealized capillary barrier system of
two different materials with pore
sizes d1 and d2. (FG: gravity force;
FR: capillary force). (from Montazer
1984; p.27, modified)
Air phase water phase
Fig.2 Sketch of a fine-grained layer
overlaying a coarse-grained layer.
(from Montazer 1984; p.29,
modified)
potential above. Since the hydraulic conductivity is a function ofpressure potential, as
mentioned by Ross (1990; p.2625), the hydraulic conductivity and thus the water content
in the coarse material will increase and both will approach a certain value that is
dependent upon the infiltration rate q. But if we can modify this system ina way that the
upper fine layer is drained laterally, by means of a sloping interface, the capillary barrier
might be still effective for a high infiltration rate.
However, before we consider this sloping system we should be able to understand
the expected effects of different soils in a capillary system. Therefore, the properties and
characteristics of the sands used in the simulation are discussed below.2
2To emphasize on the engineering application of these simulations commercially-available silica sands
(available from Unimin Corporation, Le Sueur, MN; trade name: Accusand) with four different grain sizes
were used (12-20, 20-30, 30-40, 40-50). For more details about the characteristics of the sands used in the
simulation refer to Schroth et al. (1996 in press) and chapter 3.1.8
We know at this point that the contrast of the fine and coarse material should be
large and that the hydraulic conductivity is a function of pressure potential. In Fig. 3 the
water characteristic curves of three different sands (12-20, 30-40 and 40-50)3 are graphed
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Fig.3Hydraulic conductivity, K, as a function of pressure potential for the sands used
in the simulations (calculated with the Van Genuchten (-Mualem) equation).
on a log-linear scale. If we pick, for example, a pressure potential of=19 cm we
obtain for the hydraulic conductivity a value of 8.5*10-6 cm/hr for the 12-20 sand, 0.105
cm/hr for the 30-40 sand, and 166.77 cm/hr for the 40-50 sand. These vast differences (up
to 8 orders of magnitude) indicate the usefulness of these sands in a capillary barrier.
3The numbers give the range of particles that fall, e.g. for a 12/20 sand, through sieve number 12 but are
retained in sieve number 20. Sieve number 12 corresponds to a particle diameter of 1.678 mm, sieve
number 20 to 0.841 mm, number 30 to 0.589 mm, number 40 to 0.419 mm and number 50 to 0.297 mm.9
As mentioned above, the lateral drainage of the fine soil increases the efficacy of a
capillary barrier by increasing the negative pressure potential above the sloped interface.
A cartoon of such a system is provided in Fig.4, where q is the infiltration rate at the
upper constant flow boundary, 4 is the slope angle of the interface and the arrows are
representing the direction and magnitude of the water flux qt (the magnitude is outlined
by the number of parallel arrows for qt > q and for qt < q by means of shifting from dotted
to solid lines for increasing flow. The lower boundary condition is considered to be
determined by a water table far enough below the system to have no influence on it.
Let us now discuss the movement of water in this system of a sloped interface
with a constant infiltration rate and under steady state condition with 12-20 sand as coarse
and 40-50 sand as fine material. Infiltrating water at the up-dip position 1 in Fig. 4 will be
diverted laterally along the interface. Farther down-dip (Position 2) lateral flowing water
plus the infiltrating water will aggregate and lead to a higher water content and the
hydraulic conductivity and thickness of the lateral flow region must increase to account
for the increased lateral flow. This means, as we can see in Fig.3, that the pressure
potential in the upper soil must become less negative. Thus farther down-dip, the system
moves more and more towards the left boundary of the graph (in Fig.3) and water starts
to infiltrate into the coarse material at Position 3 (of Fig.4). The horizontal length from
the up-dip limit to the position 3 is called the diversion length.
At position 4, we reach the point where the pressure at the interface is at that
which renders the hydraulic conductivities of both the fine and coarse sand equal. This10
point, where the flow into the coarse sand is equal to the infiltration rate q, is called the
asymptotic down-dip limit of the capillary barrier (see also Fig.3).
4
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Ks,2; a 1
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K S.2; a2
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..Surface
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Fig. 4Flow pattern in an idealized capillary barrier system with an inclined
interface between fine and coarse material. (Ross 1990, modified).
q: infiltration rate; 4: slope angle; x', z': horizontal and vertical
coordinates; x, z: coordinates rotated by the angle 4), E is the angle between
the vector of z and the anisotropic flux vector; dark arrows: direction and
magnitude of the water flow qt (the latter is outlined by the number of
parallel arrows for qt > q and for qt < q by means of shifting from dotted to
solid lines for increasing flow).
Besides these definitions Ross (1990; p.2625) introduced another expression: the
diversion capacity, which is the flow a capillary barrier can divert before water infiltrates11
into the coarse soil. Concluding from above, for an engineering application of a capillary
barrier system, we are, of course, interested to calculate diversion length, diversion
capacity, and depending upon the application, we may also want to know how much
water is infiltrating into the coarse layer at a certain down-dip distance for a given
infiltration rate.12
3. LITERATURE REVIEW
In this chapter some of the main and most important publications will be reviewed
and analytical solutions will be calculated with the equations given in these publications
to have a comparison to the numerical solutions presented in chapter 6.
3.1Properties of the sands used in the simulation- Schroth et al., 1996
An engineering application of a capillary barrier system with well-characterized
materials, will reduce the probability of failure due to uncertainties in material parameter
range. Schroth et al. (1996) investigated four different sand grades (12-20, 20-30, 30-40
and 40-50 sand) that are commercially-available (Tradename: Accusand ®) and
determined hydrologically relevant parameters of these sands4.
Schroth et al. (1996) obtained values of hydraulic conductivity, K, and water
content, 0, as a function of pressure potential, h, using Brooks-Corey-Burdine equations:
K(11),
Ks
(hdh) vP+11 2
0(h) =
+ Xhd 11)
Os
(hdh) > 1
(hdh) 1
(2a)
(2b)
4 For modeling purposes Schroth et al. (1996) recommended touse the corrected parameters, which will be
done throughout the report.
5This form of Brooks and Corey's equation was taken out of Van Genuchten et al. (1991; p. 32).
More details about this equation are given in Brooks and Corey (1966)where K, is the saturated hydraulic conductivity, hd is an empirical parameter (similar,
but not equal to, the inverse of the air entry value ha), A, is the pore size distribution
parameter, 1p is a model parameter (in Mualem's model 1p = 1.5; in Burdine's model
1p = 2), and Os and Or are the saturated and residual water contents. The Van Genuchten
equation6 is also widely used:
K = K
E-F(ah)n] "12P
[ =ply]
0 +
Os Or
0(h) = E±
Os
h < 0
h >_0
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(3a)
(3b)
where a is the sorptive number (or the inverse of the air entry pressure ha), p is a fitting
parameter (p = 1 for Mualem's model and p = 2 for Burdine's model), and m and n are
related retention parameters given in Mualem's model as m = 1-1/n and in Burdine's
model as m = 12/n.
With these equations the water retention curves for all four different sand grades
were calculated and graphed in Fig.5. From this figure, using the Van Genuchten
equation, for a given value of pressure potential, e.g. -19 cm, a hydraulic conductivity of
8.5*10-6 cm/hr for the 12-20 sandcm and 166.77 cm/hr for the 40-50 sand can be found.
6 This equation is taken out of Van Genuchten (1980) and modified by the fitting parameterp; p is used to
be able to adjust both Mualem's (Mualem, 1976) and Burdine's model into one equation.14
For the same value of pressure potential, Fig.6, in which the water characteristic
curve of the sands are shown, leads to a water content of about 0.015 cm3/cm3 for the
12-20 and 0.3 cm3/cm3 for the 40-50 sand.
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Fig.5 Hydraulic conductivity, K, as a function of pressure potential for the sands used
in the simulations. Comparison of Brooks/Corey's equation (dashed line) and
Van Genuchten's equation (solid line).
Both the water retention and characteristic curves show highly contrasting
properties of the materials. In Fig.6, the air entry pressure ha for the 40 50 sand and
water entry pressure h for the 12 - 20 sand are also depicted; the contrast between these
two values is stated by Steenhuis et al. (1990) to be of importance. Fig.6 also indicates15
that there is no preference to use Van Genuchten's equation or Brooks-Corey equationas
long as the values of volumetric water content are in therange of 0.05 - 0.3 cm3/cm3.
Since HYDRUS-2D uses Mualem's model in the Van Genuchten equation, Fig. 5 and
Fig. 6 are also based upon this selection7. The methods of both Brooks-Corey and Van
Genuchten will later be used to simulate the effects of a capillary barrier.
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Fig. 6Water retention curves for the sands used in the simulations calculated with the
Van Genuchten-(Mualem) equation (solid line) and Brooks-Corey-(Burdine)
equation (dashed line).
The most hydrologically relevant parameters for the sands are outlined in Tab.1;
where Os and Or are the saturated and residual water content, Ks is the saturated hydraulic
conductivity, n is the Van Genuchten retention parameter, a is the exponent in Gardner's
Van Genuchten found that calculated values from his equation in combination with Mualem's model fit
better to his field data. In literature, there is a preference to use the Brooks-Corey equation associated with
Burdine's model and Van Genuchten's equation with Mualem's model.16
Tab.1Corrected values of some of the hydrologically relevant parameters of the sands
used in the simulation. (from Schroth et al. 1996).
sand
grades
0, Or
[cm3/cm3] [cm3/cm3]
a
[cm -1]
n
[]
K,
[cm/hr]
hd ha
[-cm]
h,,
[-cm]
k
12 - 200.348 0.012 0.1517.3518005.42 4.5 11.23.94
20 - 300.348 0.0160.099510.57900 8.66 7.6 13.45.57
30 - 400.348 0.0180.067913.10534 13.0311.8 18.66.91
40 - 500.348 0.0200.045312.1825819.3717.628.26.17
conductivity function (or air entry value ha = a-1), 2 is the pore size distribution
parameter, ha and hw are air and water entry pressure, and hd is an empirical parameter
Those parameters will be used later in this report to obtain analytical solutions andwere
also used in the simulation.
The values of ha and hw are obtained as follows: For kv, by setting the volumetric
water content equal to two times the residual water content, Or, and for ha, by setting the
volumetric water content equal to the saturated water content, 0 minus Or and calculating
the appropriate value of pressure head h with the Van Genuchten equation (see also
Fig.6). Since the diversion length depends on the difference between ha and hw in the
Steenhuis (28) and RossSteenhuis (31a, 31b) equation given in a paragraph 3.6, with
above described procedure, the calculated values for the diversion length Lare relatively
conservative.17
3.2 Diversion length and capacity Ross (1990)
"The diversion capacity of capillary barriers", published in 1990 by Benjamin
Ross, emphasized the development of an equation to calculate diversion capacity, ()max,
and diversion length, L, of a capillary barrier. In this chapter and in appendix A the
mathematical derivation obtained by Ross will be summarized and Ross' solution will be
applied to a capillary barrier system with the same properties and featuresas like as the
one numerically solved and presented in a later chapter.
Ross derived the following equation for steady unsaturated water flow8 from
Richard's equation
v2K, = sin(I)+
aKr
a cos4)
8x 8z
(4)
whereas V2 is the Laplacian operator, x and z are the horizontal and vertical coordinates
rotated by the angle (I) (as depicted in Fig.4 in chapter 2.2), Kr is the relative hydraulic
conductivity, and a is the exponent in Gardner's conductivity function. Referring to
Fig. 4, setting z = 0 at the contact of fine and coarse material and using the conservation
laws, the potentials and the fluxes have to be equal across the interface; thismeans that
1(0) = w2(0) 9 or using Gardner's relationship Kr(0) = Ks evm with Kr= K/K, that
1ln K,(0) =Iln Kr ,(0)
a2
8The derivation is outlined in Appendix A (A.1.1)
9Notation 1 for the fine and 2 for the coarse material will be used throughout this report.
(5)18
For steady state condition, the infiltration rate q equals the hydraulic conductivity
K1 at the upper boundary and therefore
Kri = q / Ks'. (6)
Ross (1990) stated that a regime as shown in Fig.4 has no gradient inx direction; thus (4)
can be written as
a2Kr
a cos
aKr
= 0
az2 az
A general solutionl° of (7) with two unknown constants Ca and Cb is given by
(7)
Kr = Ca
cosh+ Cb (8)
Since (7) has to be solved for the upper and the lower material, the constants Ca and Cb
have to be calculated for the fine (z < 0) and the coarse (z > 0) sand; therefore notation
Cal and Chi is used for the fine and Cat and Cb2 for the coarse material.
For the coarse material (8) can be written as
Kr, (z)ca2.2z.s4)
+"-"b2 (z > 0) (9)
Assuming that the water table is far below the interface (z >> 0, with z" the depth at the
water table) and Kr2 equals 1 near the water table, (9) can be solved for Cat, which gives
ioThe derivation of the general solution for (6) is performed in Appendix A (A.1.2)Cate-a"""s' (1 C )
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(10)
Substituting (10) into (9) and considering that e'2 "'z is very small forz >> 0 leads to
Kra (0)Cb2
Ross (1990; p.262'7) showed that Icra declines from 1 at the water table towardan
asymptotic value Cb2 at the interface. The assumption that the water table is far below the
interface leads to the fact that Ica is dependent on the downward flux into the lower layer
only, and thus (6) can be written for the coarse material as
Kr2Cb2q / Ks2 (12)
Similar to that, for the upper boundary (the fine material) the value ofKr1 is given from
(6) as Kri = q / Ks1, thus the value of Cbl is equal to q / Ks1.
Solving (5) for Kr1 gives
Kri(0) = [Kr2(0)}
writing (8) in terms of the fine material,
KrlCal
ai cos0
Cbl
substituting (12) and (14) with z = 0 and Cbl = q/Ksi into (13), to obtain
(13)
(14)Ca, + q =
Ks,
putting (15) into (14) and considering that CH = q/Ksi gives
Kr, (0)=
a, r q
K,2) Ks,
ea, cosz+q
Ks,
20
(15)
(16)
which is the exact solution for conductivity and pressure for the sloping interface in the
fine soil at the down-dip limit.
To get the horizontal flux along the capillary barrier we use Darcy's law, stated as
q = Kv[w(Ax cos (I)z sin(I))1 (17)
with z and x as the unit vectors; or (since there are no gradients in x direction and
K, = Kri Ic1 for the fine material)
q =KsiKri(z)raWz
Integrating (18) from z = 0 to z = -00, with vertical length given by dz/dcos4 leads to
dz
(1) KsiK (z) sin
az cos (I)
(18)
(19)then integrating over pressure gives
11/(0)
Q =ficKr, (z)tan ,tody
Now using Kri = Ks ea'' and (20) can be written as
Ks' 4)
Q = ' [Ksea'"'"Kse''"+°°)]
a,
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(20)
(21)
or since Ks e'''°) = Kri(0)/Ks2t'ia2)and Ks = Kri(-00) = q/Ksi, the down-dip
diversion capacity Q. is found to be
Ks, tan (1)
Qmax a,
q (q
Ks2/
(22)
Ross reported that a reasonable assumption is to say q << Ksi and that Kri(0)1 (the fine
soil is essentially saturated at the point where breakthrough occurs) and so
Ks' tan (i)
Qmaxa
(23)
To get the diversion length L, defined as the horizontal length for which water is fully
diverted by the capillary barrier, the total flux over distance L is equal to the vertical flux
q times L (Q. = q L); using this relationship (22) and (23) are found to beL =
K
s'
tan (1)
gal
and
L =
Ks' tan (I)
qa,
22
(24)
(25)
Both Qmax and L in equations (22), (23), (24) and (25) must beseen as upper
bounds on diversion capacity and length. Ross (1990; p.2628) mentioned that the down-
dip limit, the horizontal length for which the leakage into the underlyingcoarse material
equals the infiltration rate q (see Fig.4), will be achieved soon after the initial
breakthrough occurred; for strongly contrasting materials, there will bea rather short
transition zone. Ross (1990; p.2628) also stated that equation (22), (23), (24) and (25)are
valid only, if the thickness of the overlaying layer is at leasta few times di.
3.3Diversion length and capacity- Steenhuis et al. (1990),
Steenhuis et al. (1991)
In 1990, Steenhuis et al. presented a paper ("Flow regimes in sandy soils with
inclined layers") in which, among others, the flow pattern in the vicinity ofa capillary
barrier was investigated and a mathematical expression to calculate the diversion length
was derived. Laboratory experiments were also conducted to test the validity of this
equation.23
Referring to Fig.1 in chapter 2.2, Montazer and Wilson stated that watercan flow
from the upper smaller pore (diameter di) into the lower largerpore (d2) only, if the water
height hi in the upper pore exceeds the critical height he (with he definedas the difference
in capillary rise of both tubes). Steenhuis et al. (1990), employ thesame conceptual
model, where they posit that water will flow from the smaller tubes of the fine soil into
the larger tube of the coarse soil as soon as the water height hi exceeds the difference
between the water entry pressure of the coarse soil, hw2, and the air entrypressure of the
fine soil, hai. Or mathematically stated:
hai + hi = hw2 (26)
Again, solving for hi (hi = 11,2hai) shows that high contrasting materials for the fine and
coarse layer will increase the efficacy of a capillary barrier; however, water moves
immediately into the coarse layer if hal is larger than hw2. Montazer and Wilson's
approach does, in contrast to Steenhuis et al. (1990), not consider any hysteresis effects.
Steenhuis et al. (1990) found that the flux per unit width, q,, definedas the flux
parallel to the inclined interface at a down-dip distance equal to the diversion length, is
h,,
qw =sink SK,(w)dy (27)
since at this point (point 3 in Fig.4 of chapter 2) the pressure potential,yl, in the capillary
fringe at the interface is equal to -hw2.24
Assuming that at steady state K is independent of w (being essentially saturated) and
since the infiltration rate q is related to the diversion length L as (L = qw/q), (27) can also
be written as
L =
Ks, sin (I)
(halhy)
q w2..
(28)
Steenhuis et al. (1990, p.12) analyzed experimental data conducted in a flow
apparatus in comparison to the results given by (28), which showed an underestimation of
the diversion length L when calculated with (28). A sketch of a typical flow pattern
(fingered flow) observed by Steenhuis et al.(1990; p. 11) in the experiments is presented
in App.B-Fig. l. Chapter 6 will show if this flow pattern can also be found with the
HYDRUS-2D model.
A second paper presented in this chapter, published in 1991 by Steenhuis et al.
(Comment on "The diversion capacity of Capillary barriers" by Benjamin Ross),
combined Ross' (24) and Steenhuis' (28) equation, since in both equation some
assumptions restricted their applicability.
Steenhuis et al. (1991; p.2155) criticized Ross' assumptions that he pre-requested
(a) "a stable wetting front produced by the interface of two layers", despite the fact that
unstable flow regimes (finger flows) were found by many authors, and that (b) the
a value is a constant in Gardner's conductivity function; Steenhuis et al. (1991; p.2155)
stated that the a value might be not constant near saturation and suggested, instead ofusing Gardner's relationship K = K, ev, to calculate K with Rijtema's relationship,
which is especially valuable near saturation, given as
K = K, for lyl< haand
K = Ksek(''')1 for ylha
Thus using (29b) and combining Steenhuis' (28) and Ross' (24) solution, gives
L =
Ks' sin th K tan tha
_,
2)± al
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(29a)
(29b)
(30)
if q is much smaller than lc; or more accurately and assuming that tanth = sin4) for small
interface angles"
L
Ks' tan th
q
and
1 +(ha, 112)
Ks,/
for hai >11,2 (31a)
L =
KS, tangyai(h,1-11,,2) q e for hat (31b)
q Ks,
As shown above, where (22) is diminished to (23), then (31a) reduces to (30) when
q << K,I. Steenhuis et al. (1991; p.2155) stated that a,"-' and hal are very often of the same
Ross (1991) also derived both equations (31a, 31b) from his solution scheme on a reply to Steenhuis et
al. (1991). The derivation of (31b) is shown in App. A. (A.2.)26
magnitude and therefore both Steenhuis and Ross do underestimate the ability of a
capillary barrier to divert water laterally, but using (30), (31a, 31 b) will give more
accurate results.
3.4 Anisotropy in a capillary barrier system- Stormont (1995)
In 1995, Stormont presented a paper ("The effects of constant anisotropy on
capillary barrier performance") in which he modified Ross' solution (24) and Ross-
Steenhuis' solution (31a, 31b ) to incorporate constant hydraulic conductivity anisotropy
of the fine layer.
Stormont (1995; p.783) stated that in a homogenous layer, anisotropy is due to
particle orientation which could be engineered purposefully by inducing a preferential
particle orientation or constructing a layered profile; he cited Chapius and Gill (1989)
who found the limit of anisotropy12 fora homogenous material to be 4. Thus an
engineered capillary barrier with an anisotropic upper layer by means of higher
conductivity in lateral direction can increase the effect of capping.
To include anisotropy into Ross' solution, the same problem domain as shown
in Fig.4 of chapter 2.2 is used. Referring to Ross' definition (1990: p. 2626) of hydraulic
conductivity (Gardner's quasi-linear approximation of K), K1 m for the fine material in
this problem is given as
12This ratio will be used later in the simulation.K11.1 =Kslije
a,iy
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(32)
where Ks,,k, is the saturated hydraulic conductivity in a two-dimensional system with its
coordinates parallel and perpendicular to the interface.
Stormont makes the assumptions that (a) the media is homogenous and a is
constant and therefore independent of moisture content or direction; and, (b) that the fine
layer is relatively thick so that the thickness, b, has no influence on the capillary barrier.
Referring to Ross' solution of relative conductivity (16) and incorporating (32) into (16)
gives
Kr, (z)=
CC (\ .2 q cos4
1K-s2) Ksizz cos0
a cos# q cos4
Ksizz cos0
where the term cos/cos0 reflects the deviation of K1 from vertical with q cos4
representing the zvector and Ksiz, cosO representing the xvector.
The horizontal flux is found similar to Ross' solution scheme as
Ks,tan(1)
Qmax =a,
a, (q a2 qcos4
0(s2/ Ksi,zz cos0
Ksi,xxKsi,zz
Ksi,zz
(33)
bq tan (I) cos (34)
where the first term will reduce to Ross' solution (24) for an isotropic material, while the
second term goes to zero. Using the relationship L = q/Qmax leads toKs,tangy L =
qa,
ai (
a2 q cos4
Ks2 ) cosq)
r Ksi,xxKsi,zz
Ksl,zz
28
bq tan ol) cos (35)
A second way to determine the effects of anisotropy is to use Ross- Steenhuis
equation (31a, 31b) as a basic equation. Again, the term cos4/cos0 accounts for the
deviation of K1 from vertical. Thus, taking
Krt 1
and
Kea(",,'')
ItV1 < hal (36a)
lyl > hat
and including hw2 into Ross' derivation scheme, gives
1([ 11(z)= ea(ha'-'w2)
q cos
K,,zz cost')
ea.,* q cos4
Kmcost')
(36b)
(37)
Similar to the RossSteenhuis equation, we have to consider two cases, since the
divergence capacity is dependent on the values of hat and hw2; the first case is when
hathw2, and water infiltrates into the coarse layer before the fine material exhibits the
saturated hydraulic conductivity. The second case, when hathw2, water will not move
into the coarse layer before the air entry pressure in the fine soil, hat, is reached. For the
first case (hathw2), we find the diversion length to be
Ks,tan ck
L =
got I
,_h
"
2) q cos
e
K,,,zz cost')
v
Ksl,zz
Ksl,zz
bq tan (I) cos (38a)and for haihw2
KItan (1).
L=
,xx
qa,
q cos
1
Ko, cosil))
+ a(halhw2)
Ksi,
Ksl ,zz
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bq tan (I) cos(38b)
(38a, 38b) can also be expressed in form of the diversion capacity using ()max= q J L.
Stormont (1995; p.785) wrote that an anisotropy ratio of 4 (K1,xx= 4 Ki) will
increase the diversion length by a factor of 4. The analytical results (shown in
chapter 3.6) will be compared with the numerical solutions in chapter 6.2.4 and 7.
3.5 Simulation of a capillary barrier- Oldenburg and Pruess (1993)
Oldenburg and Pruess (1993; p.1045) reported that simulations ofa capillary
barrier system using a numerical model can help to "bridge thegap between the simple
theoretical approaches and the field observations."I3 In theirpaper ("On numerical
modeling of capillary barrier") a finite difference methodwas used to (a) determine the
leakage pattern into the coarse underlying soil, to (b) test the ability of the modelto
represent flow exclusion and leakage effects as well as to (c) compare the numerical with
the analytical results.
Considering some of the laboratory experiments performed by Steenhuis et al.
(1990), in which finger instabilities and channeling in capillary barrier systemswere
13
Simulation of water movement in the vicinity of a capillary barrier were also performed by other
authors (Frind et al. 1977, Johnson T. et al 1983 and Billiotte et al. 1988); their papers will not specifically
being reviewed.30
found, the analytical approaches by Ross (1990), Steenhuis et al. (1990, 1991) and
Stormont (1995) seem to be strongly simplified and idealized. Prediction of the leakage
pattern using a numerical model can, quoting Oldenburg and Pruess (1993; p.1046), give
"a further understanding of the behavior of a capillary barrier". They concluded about
earlier numerical studies that:
"one study did just consider the upper fine layer in which breakthrough would be
found, only, if the pressure potential in the soil above the interface is positive (Frind
et al. 1977), while Johnson et al. (1983) found that breakthrough can occur even
when the water pressure is negative; and Billiotte et al. (1988) just worked on a
laboratory scale"
Therefore, Oldenburg and Pruess (1993) simulated the steady state performance of
a capillary barrier system in a two-dimensional domain with a length of 750 m and a
depth of 60 m. The upper fine layer (50 m thick) was taken to have a permeability of
1 * 10-13 m2 (1(s1 = 1 * 10-4 cm/sec) and an a-value of 0.001 cm-1,while the lower coarse
materials (10 m thick) were set with a permeability of 2 * 10-13 m2 (IQ= 2 *10-4 cm/sec)
and a range of 0.020.08 cm-1 for the sorptive number (depending on which material was
used in the simulation). The interface was adjusted with an angle of 5 degree and the
water table was fixed at a depth of 59 m, so that it intersects with the interface at a
horizontal down-dip distance of 103 m.31
The ratio of leakage to infiltration for different values of a* (a* stands for the
sorptive number of the coarse material) and Ross solution (equation 24) versus the
horizontal length of the capillary barrier are depicted in Fig. 7. Grid sizewas found to be
non-influencing the results, but since "grid orientation affects any gravity- driven
problem" (Oldenburg and Pruess 1993; p.1052), a five- and a nine-point difference
scheme were used by the authors to determine the magnitude of these effects.I4
Citing Fig. 7 and other figures not shown in this report, Oldenburg and Pruess
(1993) concluded that the oscillatory behavior of the simulation with a =0.07 cm-1, as
shown in Fig. 7, "delineates the tendency to small-scale instabilities" found by Steenhuis
et al. (1991). However, while Ross' solution allows no leakage in the region smaller than
the diversion length, the simulations depicted in Fig.7 show an increasing ratio between
leakage and infiltration.
Except for a = 2 m-1, the diversion length, L, of Ross' solution and the one
simulated do coincide with a drop in the leakage/infiltration ratio can be seen near the
breakthrough point of Ross' solution. This refers to the large amount of water conducted
into the coarse layer at the area of largest breakthrough, which decreases the pressure
potential in down-dip distance.
Two issues in Oldenburg and Pruess paper must be critically considered. First, the
water table in the domain at a depth of 59 m and intersecting the interface might influence
the results of the simulation even if the sorptive number of the coarse material is not
14The nine-point difference scheme exhibited a better accuracy and is therefore shown in Fig.7.32
smaller than 2 m1. This concern is supported by the grid size used in the simulations
with 2*2 m elements; thus the region between interface and water table in down-dip
distance equal to the diversion length is just represented by two elements.
as = 2
as = 4
a* = 6
a* = 7
theoretical
(after Ross. 1990)
20 40 60 80
Y (m)
Fig. 7Leakage/infiltration for the nine-point differencing scheme for four different
values of a*. Note the curve for a* = 7 m-1 shows an oscillatory behavior that
might indicate the smaller-scaled instabilities found by Steenhuis et al (1991).
(from Oldenburg and Pruess 1993; p.1053)
Second. and more important, the authors used relatively similar values of
saturated hydraulic conductivity, Ks, with Ks = 1 * 10-4 cm/sec for the fine and
KS = 2 * 10-4 cm/sec for the coarse media, but the a-values differing by two to three
1- orders of magnitude (0.01 m-1 for the fine and 2 ml - 8 m for the coarse material)!
Using Gardner's quasi-linear approximation for hydraulic conductivity from (32) with a
pressure potential of -19 cm, the values of Ks as given above and with a values of
0.01 cm-1, 2 m-1 and 8 m-1 would lead to values of K to be about 0.998 * 10-4 cm/sec,33
1.37 * 10-4 cm/sec and 0.437 * 10-4 cm/sec, respectively. Thus, we can clearly see that K
of the fine material lies in-between the K's of the two coarse media! Since the sorptive
number are highly contrasting, capillary theory (e.g. Miller & Miller, 1956) would
suggest even greater contrast in saturated hydraulic conductivities due to the dependency
of a value on pore sizes and that of Ks on the square of pore size.
3.6 Comparison of analytical solutions
In this chapter, the diversion length will be determined using equation: (24), (25),
(28), (30), (31a, 31b), (35) and (38a, 38b); the features and properties of the capillary
barrier systems used for the analytical solution coincide with those applied in the
numerical simulation component of this thesis.
The values of the material properties are taken from Tab.1; referring to Fig.4 in
chapter 2.2, for most of the simulations (except when the interface angle is changed) the
value of angle 4 equals 79.2 (cos4 = 0.19), the value of angle (1) is 5.71 (tam!) = 0.1), the
thickness b of the fine upper layer is 64 cm and the ratio of Ksi,xx to Ksl,zz is 4. The latter
is employed for anisotropic simulations, only.
Tab.2 to Tab.5 give the diversion lengths calculated with above mentioned
equations for capillary barrier systems in which some properties are altered; those
modification include changes in media combination (Tab.2), infiltration rate for an
isotropic fine media (Tab.3) and an anisotropic fine media (Tab.5), and interface angle34
(Tab.4). In all tables, calculation of diversion lengths with distinct analytical solutions
exhibit vast differences for the same conditions.
In Tab.2 all the media combination show widespread ranges of the diversion
lengths; e.g. for the 20/30 - 30/40 sand, the least contrasting materials, values of L lie
between 7 cm and 983 cm (factor of 140!), while for the highest contrasting media
combination, 12/2040/50 sand, L ranges from 68 cm to 918 cm (factor of 13.5).
Note that equation (25) does not consider the properties of the coarse media while in all
other equations the diversion length is a function of fine and coarse media.
Tab. 2Calculation of diversion length, L [cm], with tan 0 = 0.1, q = 0.8 cm/hr, under
isotropic conditions for four different media combinations.
Media
combination
fine/coarse
(24)
Ross
(25)
Ross -
simplified
(28)
Steenhuis
(30)
Ross -
Steenhuis
simplified
(31a)
Ross -
Steenhuis
hai > liw2
(31b)
Ross
Steenhuis
hai <11,2
12/20 - 40/5068 712 206 918 912 (-)
12/20 - 30/4029 983 40 1023 1017 (-)
20/30 - 40/5027 712 134 846 840 (-)
20/30 - 30/40 7 9830" 875 (-) 879
The diversion lengths for a capillary barrier system, consisting of 12/20-40/50
sand with a straight interface (interface angle of tan 0 = 0.1) under isotropic conditions
for different infiltration rates, are outlined in Tab.3. In this table we find only equation
(24) to be not linear with infiltration rate q. For the same condition, different analytical
15Note: Since the diversion length is, after Steenhuis et al. (1990, 1991), dependent upon the values of
hal and 11,2, some of the equations are not adequate to be used and, hence, no values are given in the tables.35
solutions give again a wide range of predicted diversion lengths. For increasing
infiltration rates the factor between lowest and highest prediction of L decreases from
about 24 to 8.
Tab. 3Calculation of diversion length, L [cm], with 12/20-40/50 sand, tan 41= 0.1,
under isotropic conditions for different infiltration rates q.
infiltration
rate
[cm /hr]
(24)
Ross
(25)
Ross -
simplified
(28)
Steenhuis
(30)
Ross -
Steenhuis
simplified
(31a)
Ross -
Steenhuis
hal > 11,2
0.1 298 5695 1646 7341 7310
0.2 183 2848 823 3670 3654
0.4 112 1424 411 1835 1826
0.5 95 1139 329 1468 1460
0.8 68 712 206 918 912
1.0 58 570 165 734 729
1.2 51 475 137 612 607
1.6 41 356 103 459 455
2.0 35 285 82 367 363
3.2 24 178 51 229 226
6.4 14 89 26 115 112
Contrary to changes in media combination and infiltration rate for isotropic
condition, modification of interface angle (I) gives a linear change in predicted diversion
length for all equations (Doubling the interface angle or halving the infiltration rate q
(except for equation 24) leads to an increase in diversion length of factor 2) (see Tab.4).
The highest factor found between different analytical solution for the same condition is
about 12.6. Equation (24) generally produces the lowest values of diversion length in all
three tables above, followed by (28), (25), (30) and (31a)/(3 1 b).36
Tab. 4Calculation of diversion length, L [cm], with 12/2040/50 sand, under isotropic
conditions for different dip angles and infiltration rates q [cm/hr].
Dip angle
(interface
angle)
tan (I) / q
(24)
Ross
(25)
Ross -
simplified
(28)
Steenhuis
(30)
Ross -
Steenhuis
simplified
(31a)
Ross -
Steenhuis
hal >11,2
0.05 / 1.0 29 285 83 367 366
0.10 / 1.0 58 570 165 734 729
0.15 / 1.0 87 854 245 1100 1087
0.10 / 2.0 35 285 82 367 363
0.15 / 3.0 38 285 82 367 360
Tab.5 gives the prediction of diversion length for an anisotropic fine layer witha
ratio of 4 between K andusing Ross Stormont (35) and SteenhuisStormont
(38b) equation for different infiltration length. The anisotropy ratio of 4 increases L bya
factor of 4 when predicted with (35) (in comparison to equation 24), and a factor of >17
bigger than under isotropic condition is predicted with (38b) (in comparison toeq. 28).
Tab. 5Calculation of diversion length, L [cm], with 12/20- 40/50 sand, tan 4) = 0.1,
for different infiltration rates q, with an anisotropic fine layer (K / K = 4)
Infiltration
rate
[cm/hr]
(35)
Ross - Stormont
(38b)
Steenhuis - Stormont
1.6 175 1839
3.2 108 921
6.4 67 461
8.0 58 369
12.4 42 23237
4. SIMULATION MODEL- SWMS-2D /HYDRUS-2D"
4.1General aspects
HYDRUS-2D is a program that can be used to solve water flow and solute
transport problems in two-dimensional variably saturated media; the code, written in
ANSI FORTRAN 77 uses the Galerkin type linear finite element schemes to numerically
solve the governing flow and transport equations'? (Simunek 1994; p.2). The program
allows to incorporate irregular domain boundaries, local anisotropy, vertical and
horizontal plane flow and a wide variety of boundary conditions (e.g. constant head and
flux boundary, atmospheric boundary and free drainage boundary condition)18.
Since the result of a simulation are affected by the code used, some knowledge of
the program's features and limitations is a basic prerequisite for a correct interpretation of
the output as well as a help for the reader to get an idea of how this program works. Thus,
some important aspects of the program (see topics 4.2 and 4.3) will be discussed shortly
in this chapter; a more detailed description is given in Simunek et al. (1994).
16As mentioned in chapter 1, SWMS-2D is the former version of HYDRUS-2D; for convenience in this
report the name HYDRUS-2D is used, only, to represent both versions (SWMS-2D and HYDRUS-2D).
17Due to their size, all simulations described in this project incorporating a conjugate gradient method to
solve the symmetric matrix equation resulting from the discretization of the governing flow equation.
18Any further considerations about HYDRUS-2D will be directly related to the simulation performed.38
4.2 Variably saturated water flow
4.2.1Governing flow equation
The HYDRUS-2D program numerically solves the following governing equation
(modified form of the Richard's equation) using the Galerkin-type linear finite element
method:
aea
atax
with
K
an
ax;
S (39)
K(h,x,z) = Ks(x,z) * Kr(h,x,z) (40)
where 0 is the volumetric water content [L3 L-3], t is the time [T],xi is the horizontal and
zi is the vertical spatial coordinate [L], K is the unsaturated hydraulic conductivity
[LT-1], K:j' and KAare components of the anisotropy tensor KA [ ], h is the pressure head
[L], S is a sink term and Ks is the saturated hydraulic conductivity [LT-1].
The equation above does not consider effects of air captured in the soil, hysteresis
as well as thermal gradients that might influence the behavior of water movement in
capillary barrier systems. The program also does not consider any transport of water in
form of vapour, which could be of importance for a capillary barrier system.39
4.2.2 Implementation of local anisotropy
The HYDRUS-2D code permits the implementation of hydraulic conductivity
anisotropy by varying the orientation of the local principal directions K,A, and KA,z from
element to element (Simunek et al. 1994; p. 33). The local coordinate axis ofan element
is rotated by a pre-set angle co in a way that it matches with the principle direction of the
tensor KA in the governing flow equation (39). Thus, for an anisotropic material the
values of the principle directions K,A, and K,"z and the angle co have to be input for each
element.
4.2.3Unsaturated hydraulic properties
To solve the governing flow equation for each time step, the unsaturated soil
hydraulic properties- soil water retention O(h) and hydraulic conductivity K(h)in
dependence of the pressure head must be known. Before starting the numerical
simulations, the code computes a table in which these soil hydraulic properties for
discrete pressure heads are listed; for values of pressure head in-between two entries, the
code linearly interpolate the values of 0(h) and K(h) from the closest tabulated values.
Simunek et al. (1994;p.33 ) found this technique to be computationally much faster than
direct calculation of hydraulic properties from the Van Genuchten equation.40
The soil water retention 0(h) and hydraulic conductivity K(h) are obtained, using
a modified form of the Van Genuchten (-Mualem) equation19, stated as
Oa +/0a
004= (+ afhinj
Os
and
KsKr (11)
{(hhk)(Ks Kk) K(h)=Kk hahk
Ks
h < ha
h > ha
hhk
hk < h < ha
hha
(41)
(42)
whereas 0, is the saturated soil water content [L3 L-3], af is a coefficient in the soil water
retention function [ ], n and m are parameter given by Mualem's model as m = 1 - 1/n,
h is the pressure head [L], ha is the air entry value [L], K, and Kr are the saturated and
residual hydraulic conductivity [LT-1], and the parameters 0a,0m, hk and Kk are fictitious,
extrapolated parameter. Those fictitious parameter are used to "increase the flexibility of
the analytical solution and to allow non-zero air entry values" (imunek et al. 1994; p.9).
A schematic delineation of both the hydraulic conductivity and the water content
in dependency of pressure head are graphed in Fig. 8 and 9. If 0a = Or, Om = Ok = 0 and
hk = hk, then (41) and (42) reduce to the original Van Genuchten equations (3a, 3b).
19This modified form of the Van Genuchten equation is used in the standard and the modified version of
HYDRUS-2D; another modification uses the Brooks-Corey equation as given by means of equations (2a)
and (2b).water content 0
Os
Om
Oa = Or
ha
pressure head h
Fig. 8Schematics of the soil water
retention function in HYDRUS-2D
as given by equation (41).
(From Simunek et al. 1994;
p.10; modified)
hydraulic conductivity K
Kk
linear interpolation
Mualem's
model
hk hapressure head h
41
Fig. 9 Schematics of the hydraulic
conductivity function in HYDRUS-
2D as given by equation (42).
(From Simunek et al. 1994; p.10;
modified)
4.3 Numerical solution
4.3.1Initial and boundary condition
To solve the governing flow equation (39), initial and boundary condition must be
specified. The initial condition is prescribed as the initial pressure distribution in the flow
domain at time t = 0, whereas the pressure head h is a function of the coordinates x and z.
For steady state, which will be reached when the simulation time is sufficiently long, the
output of the model should be independent upon the initial condition, however it will be
influenced by boundary condition and material properties. A plausibility analysis was
performed to delineate the independence of the outputs from the initial pressure head.42
The code automatically adjusts the initial water content and the hydraulicconductivity in
the problem domain to the pre-set initial pressure head.
The boundary condition used for all the simulationwere specified flux (Neumann
type) condition at the upper bounds, the vertical lateral limits of the problem domainwere
put to be non-flux boundary condition and the lower boundary is characterized bya free
drainage condition (see Fig. 10 in chapter 5.1).
The free drainage boundary is a unit vertical hydraulic gradient boundary
condition which can account for a variable flux. Dependingupon the percolation of water,
the pressure head h at the nodes along the lower bound is free tovary. Thus, the discharge
of water per node (out of the problem domain) isa function of K(h) and the width
between the nodes. For an engineering application, the free drainage boundary condition
is reasonable since (a) the design of a capillary barrier system should allow free lateral
drainage and removal of percolating water at the down-dip end of the barrier and since (b)
the construction site should be chosen to have no ora sufficiently deep water table and,
thus, having no influence on the efficacy of the capillary barrier. To test the influence of
the free drainage boundary condition, for one simulation, the lower boundwas taken as a
constant pressure head (Dirichlet type) boundary condition. The result of this simulation
showed no difference of water movement in the vicinity of the capillary barriersystem.43
4.3.2 Time and space discretizationIteration process
In order to numerically solve the governing flow equation "the spatial derivatives
have to be approximated with the Galerkin method, while the time derivativesare
discretized by means of finite differences" (Simunek et al. 1994; p.37).
Due to the size of the problem domain and the fine grid size that had to be used to
obtain reasonable results in the vicinity of the capillary barrier system, the code covered
the problem domain with a network of triangular finite elements with the threecorners of
the elements set to be the nodal points. At each nodal point, the dependent variable (the
pressure head h) was calculated at each iteration step and the values of all three nodal
points building an element were linearly interpolated to receive the values of h within the
elements. Since the water content and the hydraulic conductivity is a function ofpressure
head h, for each element, values of both water content and hydraulic conductivity were
taken out of the tables put up in the beginning of the simulation describing the water
retention and water characteristic curve (see also chapter 4.2.3.).
As mentioned above, time is discretized by means of finite differences and an
implicit (backward) finite difference scheme is used to solve the governing flow equation.
Maximum, minimum and first time step in HYDRUS-2D have to be pre-set before
running the simulation, whereas the first time step should be kept small in order to obtain
a solution in the iteration process of the first time step.44
The non-linear global matrix a system of linear algebraic equations is derived, and
after implementing the boundary conditions, those equations are solved for each iteration
step using a conjugate gradient method (imunek et al. 1994; p.23). The iteration process
for one time step proceeds until a pre-set value of water content and pressure head
difference at all nodes between two successive time steps is reached ("until a satisfactory
degree of convergence is obtained"imunek et al. 1994; p.24).
The code includes a procedure by which the following time step is fixed by the
number of iteration steps necessary to solve the global matrix in the former time step. In
general, if those numbers were smaller than or equal to 3, the next time step was
multiplied by a pre-determined value (e.g. 1.11.5); if the value was bigger or equal to 7,
then the following time step was reduced by a pre-set value between 0.3 - 0.9. Due to this
selection procedure of optimal time step, the program optimized the simulation process
and, hence, reduced the time consumption. If a pre-established maximum iteration
number was not sufficient to achieve the convergence, then, the time step was reduced by
one third and the iterative process repeated.
4.3.3 Water balance computation
At prescribed time steps, the code exhibits a water balance computation and stores
the relative error (er) of the water balance for the whole problem domain or for pre-
selected sub-region in an output file. Due to the iteration process needed to solve the
global matrix, at each time step - dependent upon the pre-set convergence criteria (water45
content and pressure head difference)some water is numerically lost in the problem
domain. By decreasing the iteration criteria values the amount of numerically lost water
can be minimized.
The relative error (er) for all nodes is obtained by relating the absolute value of
water loss to two terms: (a) the sum of the absolute change in water content over all
elements and (b) the sum of the absolute values of all fluxes in and out of the problem
domain (Simunek et al. 1994; p.31). The relative error in water balance will decrease
when approaching steady state condition and is therefore a measure of numerical
accuracy and a determinant of steady state condition.46
5. SIMULATION OF A CAPILLARY BARRIER
5.1 Data input (material, domain and mesh properties ...)
Besides the values to be input in HYDRUS-2D described in former chapters,as
like as the material properties (Tab.1 in chapter 3.1), and maximum, minimum and initial
time step (chapter 4.3.2), the dimension of the problem domain, the mesh properties and
the material distribution must be precised in order for the program to generate the mesh
and to finally run the simulation. To view the results, print times have to be pre-set for
which the program automatically creates output files in which all properties (hydraulic
conductivity and velocity direction, pressure head, and water content for each element,as
well as water balance error) are listed; since a steady state analysiswas performed, print
times were put at 10 hr, 20 hr, 30 hr, 40 hr and 50 hr, generally.
The HYDRUS-2D code includes an automatic mesh generation procedure that,
after inputting the dimension of the problem domain and number of fixed nodes, createsa
mesh consisting of finite triangular elements. Depending on the number and location of
fixed nodes and the degree of refinement and smoothing of the mesh pre-set, theprogram
user is able to form a mesh appropriate to the problem to be solved; The refinement of the
mesh is managed by reducing the triangular element sizes, e.g., in direction of large
hydraulic conductivity gradients and depending on soil hydraulic properties.
In Fig.10 the mesh and boundary condition are shown for the single straight interface
simulation with a refinement above the interface. For this simulation, the node number-11 -
is
'\
I
Fig.10 Typical finite element mesh used for the straight interface simulations. Ilustrations includes the boundary
conditions; dark grey: constant flux boundary; medium grey: free drainage boundary; light grey: non-flux boundary.48
obtained using the automatic mesh generator is about 4700 and the number of triangular
elements is 9200. The upper boundary nodes, the steady flux boundary, is graphed in dark
gray; the lower bound, the free drainage condition, is depicted as a medium gray, while
the lateral boundaries are delineated in a light gray, representing the non-flux boundary
condition.
The material distribution and the dimension of the problem domain for the (single
and double) straight and curved interfaces are shown in Fig.11 and Fig.12, respectively.
Note that for the single straight and curved interface simulations, the lowercoarse
2.5 m
fine material
coarse material
coarse material
4m
Fig.11Problem domain and material distribution for simulations with two straight
interfaces. Note: For the single straight interface simulations, the lowercoarse
layer was set to be fine material.49
material was set to be fine material. The dimension of the problem domain were chosen
in a way that (a) the horizontal length of the interface is 3 meter and (b) the thickness of
the fine soil is at least 65 cm.
fine material
coarse material
2.5 m 3 m
Fig.12Problem domain and material distribution for simulations with two curved
interfaces. Note: For the curved straight interface simulations, the lower coarse
layer was set to be fine material.
The drop in height from the up-dip end (point 1) to the down-dip end (point 2) of the
interface is equal for both the straight and the curved interface.50
5.2Sensitivity and plausibility analysis
One aspect of a steady state sensitivity analysis is to put the naturally occurring
range of media properties into the model and then determine the behavior of the model
upon this range (e.g. sensitivity to physical variables). A second set of issues is the
sensitivity and plausibility of the steady-state solution provided by the model fora given
problem to changes in initial condition, mesh geometry and iteration criteria (water
content and pressure head). The analysis performed in this chapter focus on the second
issue only, since the material properties are well established. Model performance is
assessed by comparing critical flux values with changes in model parameters,as well as
by checking the overall water balance computed by HYDRUS-2Dover the entire domain,
indicating the amount of water lost per iteration step20.
A simulation was considered to be at steady state when the water pressure21
distribution in the domain did not visually change in the vicinity of the barriersystem for
the last two predetermined time plots. (Those two time plotswere mostly at 40 and 50
hours; if steady state condition was not reached the simulationwas repeated with a longer
time period). For all the simulations, the flux from the upper fine layer into the lower
coarse layer was measured about 1 cm below the interface.
20
Some more details about the water balance calculation are given in Chapter 6.1.
21Water pressure was found to be the most sensitive indicator for steady state.51
5.2.1 Mesh size
The result of a simulation strongly depends upon the mesh size used; in a coarser
mesh the computational error will generally be larger than it is in a finer mesh (if the
iteration criteria are sufficiently small). However, precision is not a linear function of the
mesh, (e.g. doubling the mesh elements, will not decrease the computational error by
half); of course a finer mesh also increases the amount of computational time per
simulation. This leads to a process in which is tried to optimize the relation between
needed accuracy and computational capabilities.
To test the effects of mesh size upon the effectiveness of a capillary barrier, four
simulations were performed in which the mesh size was changed with all conditions held
constant. This was executed for the "standard" and the "modified" version of
HYDRUS-2D.
The standard version22 does not allow to implement a sharp interface between two
materials, since the material properties in HYDRUS-2D are attached to the nodal points
and not to the elements. As shown in Fig.13, where two materials are adjacent to each
other, the code averages the material properties of the three nodes that built the corners of
an element and guides these averaged properties to the element. Thus an intermediate
layer with an alternating pattern is generated between two materials.
22The standard code is the version offered by the US Salinity Laboratory52
This intermediate layer shows up immediately above the interface, wherefore it is
most critical for the water movement in the vicinity of the capillary barrier due to a
decrease in contrast of material properties; Thus, the height of this intermediate layer hi,
will have an effect on the breakthrough velocity. The expectation is thereupon thata
alternating pattern
fine layer
intermediate
coarse layert
hi,
Fig.13 Material distribution at the interface of two media as given by standard
HYDRUS-2D.
Material at the nodal points: coarse o fine
decreasing intermediate layer will lower the breakthrough velocity, as displayed in
Fig.14, where the percentage of breakthrough velocity to infiltration rate along the
interface is graphed. But from this figure, we also see that the artifacts at a down-dip
distance of about 220 cm are not (even with a very small NI) appropriately diminished.
The modified version of HYDRUS-2D allows abrupt changes in material
properties, since in this code sub-regions can be defined. In these sub-regions materials
are associated with elements rather than nodal points. The results of the four simulations
with the modified version are also shown in Fig.14. In contrast to the standard version,53
the coarser mesh has a lower percentage of breakthrough, but with refinement of the mesh
above the interface the graphs approach the same asymptote obtained in using the very
fine mesh in the standard version. Also the artifacts, found in the standard version, are
diminished for the fine and very fine mesh.
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0.08
0.06
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0.00
standard Hydrus-2D:1-0--- very coarse (2 cm)
coarse (1 cm)
fine (0.5 cm)
----x very fine (0.25 cm)
very coarse (3 cm, .25)
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- fine (0.5 cm, 0.8)
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modified Hydrus-
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Fig.14Sensitivity analysis: Breakthrough velocity in percentage of infiltration rate q
below the interface for different mesh sizes. Results obtained with both
versions: standard Hydrus-2d (gradual interface) and modified Hydrus-2d
(abrupt interface). Note: both version uses the look-up table to obtain the
hydraulic properties. Number given in parenthesis is the average element
height h11 above the interface. (q = 0.4 cm/hr, tan(phi) = 0.1, straight interface,
(12/2040/50)
This artifact (artificial arch) is considered to be a result of the tabulation of the
hydraulic properties, since for any value of pressure head in-between two entries, a linear54
interpolation is used to obtain the values of water content and hydraulic conductivity;
this means that for a small change in pressure head the program might jump into the next
pressure head interval between two entries to get a different water content and hydraulic
conductivity value, respectively. In App.B-Fig.2, the pressure head versus the hydraulic
conductivity for the same nodes below the interface is depicted. The graph indicates the
step function (tabulated values with linear interpolation of values in-between two entries)
used to determine the hydraulic conductivity.
Concluding from above, the very fine mesh simulation with the modified version
does not significantly improve the result, and since computational time is also of interest
(Fig.14), the fine mesh with abrupt material changes will be used in all subsequent
simulations (This mesh is shown in Fig.10). In the next two chapter, this mesh is used to
perform a sensitivity and plausibility analysis of the model (modified version of
HYDRUS-2D) on changes in iteration criteria, maximum time step and initial pressure.
This will be executed in two ways: Using the modified HYDRUS-2D version with (a) the
tabulation procedure of the hydraulic properties (look-up tables) and (b) with direct
calculation of the properties from the Van Genuchten equation.
5.2.2Iteration criteria
To solve the non-linear global matrix equation for each discretized new time
step, an iterative process must be performed. HYDRUS-2D utilizes a conjugate gradient
method, with an implicit (backward) finite difference scheme to discretize the time55
domain. As mentioned in chapter 4, the iteration procedure is repeated until a specific
degree of convergence is achieved; In this program this is satisfied when all nodes exhibit
a change of water content (in the unsaturated zone) or of pressure head (in the saturated
zone) between two consecutive iteration steps as specified by the operator.
The magnitude of the iteration criteria regulates the accuracy of the numerical
solution. Therefore, a stricter iteration criteria leads to less computational (iterational)
water losses in the problem domain and, hence, the relative computational mass balance
error (er) decreases. However, a stricter (smaller) iteration criteria means that the number
of iterations to reach the pre-set criteria enlarges and, thus, the computational time
increases; If the selection of an iteration criteria is not strict enough, then the accuracy of
the computation diminishes which leads to poor results.
The dependency of the results on the choice of iteration criteria for the modified
version is borne out in Fig.15 with both hydraulic properties obtained from look-up tables
and calculated directly from the Van Genuchten equation. The ratio of breakthrough in
percentage of infiltration rate q below the interface is used to determine the sensitivity of
the model. All simulations made with the modified version using the look-up tables to
obtain the hydraulic properties showed, depending on the iteration criteria, more or less
developed artifacts. Two of those simulations are depicted in Fig.15, whereas the pressure
head difference (pr) was set to be non-restrictive while the water content criteria was
refined from 5*10-4 cm3/cm3 to 5*10-5 cm3/cm3. The graphs show a decrease in leakage
with this refinement. A similar result is found when changing the pressure head iteration56
criteria from 1*10-2 cm to 1*10-7 cm and keeping the water content criteria non-restrictive
(1*10-2 cm3/cm3) (Note: Those resultsare not shown in Fig.15). From Fig.15, we can
clearly see that the tabulation issue is responsible for changing the breakthrough velocity
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Fig.15Sensitivity analysis: Breakthrough velocity in percentage of infiltration rate
below the interface when changing the iteration criteria (absolute change in
water content (wc) and pressure head (pr) between two successive
iterations) in the modified Hydrus-2D version with look-up tables and with
calculation of hydraulic properties directly from the Van Genuchten
equation. Note: Computational time in Pentium days is given in parenthesis.
(q = 0.4 cm/hr, tan(phi) = 0.1, 12/20-40/50 sand)57
approximately by a factor of two. The relative water balance error (er) at time t = 50 hr
for the second simulation is relatively high (circa 5 %) due to the non-restrictive water
content criteria, while for the first one it is 0.2 %, only. The increase in computational
time (in Pentium days) from 0.75 to 0.9 Pentium days indicates the dependence on the
choice of the iteration criteria.
The results obtained with the modified version of HYDRUS-2D with direct
calculation of the hydraulic properties from the Van Genuchten equation (Fig.15; graph 3
to 6) are not as sensitive to changes in iteration criteria as found with the look-up table
version. Despite vast differences in water content criteria, ranging from 1*10-2 cm3/C1113 to
5*10-5 cm3/cm3, and pressure head criteria (1*10-1 cm to 1*10-7 cm), all the graphs exhibit
a very nice fit, independent of which iteration criteria was set to be more restrictive.
The graphs also do not show any artifacts, but are rather follow a smooth line. The
simulation time is, as found with the look-up table version of HYDRUS-2D, strongly
dependent on the magnitude of iteration criteria; however, all results with direct
calculation of hydraulic properties are obtained in a shorter time (0.090.21 Pentium
days) when compared to the version with look-up tables (0.750.9 Pentium days).
5.2.3 Maximum time step and initial pressure
As mentioned in chapter 4.3.1, in the beginning of a simulation, HYDRUS-2D
adjusts water content and hydraulic conductivity for each element in the flow domain due
to the pre-set initial pressure distribution. It then uses the predetermined initial time step58
to start the iteration process. If all nodes in the problem domain do not exceeda
prescribed water content and pressure head criteria, the code determines the next time
step, At, to again, for time t = t + At, achieve convergence in the iterativeprocess.
The optimization procedure of selecting the upcoming time step (see chapter 4.3.2) will
continue and depending on the convergence criteria and the properties and features of the
problem to be solved, the pre-set maximum time step might be reached. If the iteration
criteria are set to be sufficiently restrictive, the magnitude of the maximum time step
should not significantly influence the result at steady state. The initialpressure head
distribution should have no effects on the outputs at steady stateas well, since HYDRUS-
2D does not account for any effects of hysteresis.
In a plausibility analysis, initial pressure and maximum time stepwere varied and
again the leakage pattern into the coarse material was used tocompare the effects of those
changes. As in chapter 5.2.2, simulations were performed with both direct calculation of
hydraulic properties from the Van Genuchten equation and with the look-up table
version.
The first two simulations, graphed in Fig.16, are obtained using the look-up table
version, whereas the initial pressure head in the problem domainwas set to be -35 cm and
-25 cm. The leakage into the coarse media for these two simulations differ approximately
by a factor of two; thus, these results do not support the expectation that the steady state
result are independent of initial pressure head in the look-up table version.59
However, applying the same initial pressure heads in the flow domain when using
the modified HYDRUS-2D version with direct calculation of hydraulic properties, then
the graphs do not exhibit vast differences in breakthrough velocity (graphs 3 and 4 in
Fig.16). A nice fit is also found with an initial pressure head of -20 cm in the domain.
As in Fig.15, the graphs in Fig.16 obtained with the look-up table version show artifacts,
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Fig.16Plausibility analysis: Breakthrough in percentage of infiltration rate q below the
interface when changing initial pressure and maximum time step in the modified
HYDRUS-2D version (abrupt interface) with (a) look-up tables and with (b)
calculation of hydraulic properties directly from the Van Genuchten equation.
The values in parenthesis are: initial pressure; maximum time step; pressure head
and water content criteria; computational time in Pentium days).
(q = 0.4 cm/hr, tan(phi) = 0.1, straight interface, 12/20-40/50 sand).60
while the method of direct calculation of hydraulic properties leads to smooth variation.
However, the maximum time step seems to play a role even in this version; this is
indicated by enlarging the maximum time step from 0.02 hr to 0.1 hr and plotting the
results in Fig.16 (graph 4 and 6); the breakthrough into the coarse media decreases with
this alteration in maximum time step. Decreasing the maximum time step to 0.02 hrwas
found to be sufficient in avoiding effects of maximum time step on the results.
As found in the former chapter, the time consumption with the look-up table
version was generally higher than when applying the version with direct calculation of
hydraulic properties.
5.2.4 Summary of sensitivity/plausibility analysis
The standard version of HYDRUS-2D (gradual interface) was found to be
relatively sensitive to mesh size due to the effects of the intermediate layer. The modified
version (abrupt interface) with the fine mesh significantly improved the results, andwas
therefore used in all further simulations. However, all of the graphs showedmore or less
developed artifacts (artificial arches), which are concluded to be a result of the tabulation
of hydraulic properties (look-up tables). Furthermore it can be concluded that the results
in Fig.14 would be less sensitive on changes in mesh size when using the direct
calculation of hydraulic properties from the Van Genuchten equation61
Comparison between simulations using the modified look-up table version of
HYDRUS-2D and the version in which the hydraulic properties are calculated directly
from the Van Genuchten equation, showed that the latter version is far less sensitiveto
changes in iteration criteria and preset initial pressure head in the flow domain. The
artifacts found in the look-up table version were not discovered in the version with direct
calculation of hydraulic properties.
In contrast to Simunek's statement (1994; p.33), the look-up table version did not
reduce the computational time. On the contrary, the modified HYDRUS-2D version with
direct calculation of hydraulic properties performed equivalent simulations ina much
shorter time (see Fig.15 and Fig.16). The reduction is up to ten times. An explanation for
that might be that with the tabulated version the chance is relatively high thatsome of the
nodes have a pressure head that is close to an entry value in the table, and slight changes
in pressure head between two time steps put the value of those nodes in another interval
with a different interpolation slope. Due to the different slope a change inpressure head
and, hence, of water content between two consecutive time steps for those nodes might be
higher than allowed by the water content iteration criteria and thusmore iteration steps
are needed to converge.
A maximum time step chosen too large (Fig.16; graph 6 with 0.1 hr) seems to
influence the result, since for larger time steps and depending on the iteration criteria, the
computational error increases. The procedure for selecting the next time step, At, at time62
t = t + At, depends on the number of iteration at time t; this procedure in interaction with
the iteration criteria might play a role in the difference of breakthrough velocity found in
graph four and six of Fig.16. Therefore, the maximum time step is set to be 0.02 hr, and
for most of the simulations, the iteration criteria are put to 1*10-
for pressure head and water content criteria, respectively.
4cm and 1*10-4 cm3 CM-363
6. RESULTS OF THE SIMULATION- DISCUSSION OF THE
RESULTS
6.1General effects of a capillary barrier in the simulations
Before going into more details on the effects of water movement in the vicinity of
capillary barrier systems, in this chapter, the water content andpressure head distribution
pattern in the problem domain is briefly outlined using a capillary barrier system with a
single straight interface.
Setting the initial pressure head in the problem domain to -25 cm and applyinga
steady infiltration rate of 1.6 cm/hr at the upper bound, water will infiltrate into the fine
media (App.B-Fig.3)23. Then, an infiltration front will hit the interface and builtup a
fringe of higher water content above the contact of fine and coarse media (App.B-Fig.4).
With increasing water content, the barrier starts to divert water, laterally (App.B-Fig.4
and App.B-Fig.5), and pressure head and hydraulic conductivity in the coarse sand will
adjust to the changing properties in the upper fine material. With further increase in water
content in the capillary fringe, water begins to leak into the coarse media (App.B-Fig.6).
After 60 hours of steady infiltration, the system reached quasi-steady-state
condition (the water content distribution is shown in Fig.17). A typical characteristic ofa
straight interface, as indicated in Fig.17, is the almost linear increase in water content in
23A sequence of figures illustrates the development of a typical flow pattern in a capillary barrier system
(See App.B-Fig.3 through App.B-Fig.6 and Fig.17 and Fig.18)Volumetric water
content [cm3 / cm3 ]
Fig.17Volumetric water content [cm3 / cm3 ] in the flow domain of a capillary barrier system at steadystate after 60.0 hr of
steady infiltration q. (3 m long straight interface, q = 1.6 cm/hr, tan(phi) = 0.1, 12/20- 40/50 sand)65
down-dip direction and the decrease close to the down-dip end due to water being
accelerated and spilled over the down-dip edge (down-dip effect). Hence, the highest
leakage into the coarse layer is not at the furthest down-dip position but rather about two
third in down-dip direction (190 cm). At this point, the volumetric water content is close
to full saturation and the capillary fringe height is about 25 cm; this corresponds to the
a 1-value for the fine material (40/50 sand).
The highest leakage into the coarse soil is found to be 45 % of the infiltration rate
and, hence, the asymptotic down-dip limit is not reached yet. While the water content in
the fine soil above the interface reaches a value close to saturation, the highest value of
water content in the coarse material is about 5 %, only.
The pressure head distribution in the problem domain after 60 hr is shown in
Fig.18, where the coarse material is bordered by a black line. Corresponding to the high
water content in the fine material above the interface and at the down-dip end of the
interface, the pressure head is increased as well, with the highest value to be at the region
of largest leakage.
Appropriate to the different hydraulic properties of fine and coarse media, in
comparison to the fine soil, the coarse material exhibits a lower water pressure for most
of its area with lowest value being -10 cm. Only at the interface, the fine soil shows
equally low pressure heads.Water pressure[-cm]
Fig.18Water pressure distribution [-cm] in the flow domain of a capillary barrier system at steadystate after 60.0 hr of steady
infiltration q. (3 m long straight interface,q = 1.6 cm/hr, tan(phi) = 0.1, 12/20 - 40/50 sand)67
6.2.Effects of a three meter and a nine meter long straight interface-
Discussion of the results
This chapter describes the results of simulations in whichsome of the properties
of a three meter and a nine meter long capillary barrier systemwere altered. Those
modifications include changes in infiltration rate q, interface angle 0, anisotropy, material
properties and defects along the interface. The numerical results will then be comparedto
the analytical results given in chapter 3.
6.2.1Distinct infiltration rates
As discussed in chapter 2, infiltrating water and water diverted laterally along the
interface increase the water content in the capillary fringe in down-dip direction and, thus,
reduce the pressure potential above the interface. Since the hydraulic conductivity isa
function of pressure head (Fig.5), a decreasing pressure potential in down-dip direction
enlarges the hydraulic conductivity down-dip.
At the contact of fine and coarse media, due to continuity, the pressure potential
and the flux across the interface must be equal for both fine andcoarse sand. This means
that with a decreasing pressure potential in down-dip direction and dependingon the
hydraulic properties of fine and coarse media (Fig.5 and Fig.6), more andmore water will
flow into the coarse media.68
If we now consider a point at a certain down-dip distance in Fig. 4 and applying
two different infiltration rates on the upper bound of the flow domain, we can expect
from above thought model that more water is collected in the capillary fringe for the
higher infiltration rate; this means that the pressure potential at the interface is smaller
and thus from Fig.5 that the leakage into the coarse layer is bigger. Therefore, it can be
stated that the water movement in the vicinity of a capillary barrier directly depends on
the magnitude of infiltration rate q.
Based on a capillary barrier system built up by 12/20- 40/50 sand and an interface
angle of tan(0) = 0.1, the leakage pattern into the coarse layer with different infiltration
rates q, ranging from 0.4 cm/hr to 6.4 cm/hr for a three meter long barrier, and 0.2 cm/hr
to 2.0 cm/hr for a nine meter long barrier is depicted in Fig.19 and Fig.20, respectively.
The water balance error (er) at time t = 50 hr is smaller than 0.6 % for all simulations.
Since the hydraulic conductivity in the coarse material depends on the pressure
potential at the interface and, thus, on the non-linear relationship between pressure
potential and water content (Fig.6), the leakage at a certain point on the interface will not
linearly increase with higher infiltration rates. The graphs in Fig.19 and Fig.20 support
this non-linear correlation of leakage and infiltration rate. For example, doubling the
infiltration rate q from 0.4 cm/hr to 0.8 cm/hr in Fig.19 increases the maximum leakage
by a factor of about 12. For very high infiltration rates, a doubling will give a smaller
factor; e.g. changes from 1.6 cm/hr to 3.2 cm/hr leads to a factor of about 2, only.100_
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Ross stated that for highly contrasting media, the transitional zone between the
point of first leakage and the asymptotic down-dip limit is rather short. The results
presented do not support this assertion. Fig.19 and Fig.20 show a gradual breakthrough
along the interface rather than the pattern predicted by Ross withno leakage in the up-
slope area followed by this short transitional zone. For example, ifwe define the first
breakthrough as 1 % and the asymptotic down-dip limit as 100 % breakthrough, in
Fig.19, the down-dip distances for the graph with q = 3.2 cm/hrare given as 18 cm and
160 cm, respectively. Hence, we see a factor of about 9 in down-dip slope position. In
Fig.20 this factor is about 5 for the simulation with q = 2.0 cm/hr and for q= 0.5 cm/hr
about 2.5. Given the very narrow particle size distribution for these sands,we would
expect natural media to be even more gradual in its breakthrough transition.
From (25), (28), (30), (31a) and from the appropriate values of diversion length
(Tab.3) obtained with these equations (with the exception of (24)), the upper limits of the
diversion length are found to be linearly related to the infiltration rate q. Dependingon
the applied equation the values of L in Tab.3 denote vast differences in predicted
diversion length for equal infiltration rates. Those values and the appropriate magnitude
of leakage in percentage of infiltration rate q [% of q] from the graphs in Fig.19 and
Fig.20 for different infiltration rates are summarized in Tab.6.24 From this table, we can
gather that (24) and (28) are rather conservative when compared to (25), (30) and (31a).
The latter three extremely overestimate the capability of a barrier to divert water laterally.
24Note: No percentage values are given for some values of L in Tab.6 due to the down-dip effect or due
to the length of the capillary barrier.72
Tab.6Diversion length, L [cm], and the appropriate leakage in percentage of q [% of q]
from Fig.19 and Fig.20 for different infiltration rates q. (12/20-40/50 sand,
tan 4 = 0.1, isotropic conditions). Note: No percentage values are given for some
values of L due to the down-dip effect or due to the length of the capillary
barrier. Values smaller than 0.1 are denoted as < 0.1.
infiltration
rate
[cm /hr]
(24)
Ross
L / [% of q]
(25)
Ross -
simplified
L / ['Ai of q]
(28)
Steenhuis
L / [% of q]
(30)
Ross -
Steenhuis
simplified
L / [% of q]
(31a)
Ross -
Steenhuis
hal > 11,2
L / [% of q]
0.2 183 /<0.1 2848 /- 823 / 3670 / - 3654 / -
0.4 112/ <0.1 1424/- 411 /4.9 1835 / 1826 /
0.5 95/ <0.1 1139 / - 329/5.0 1468 / - 1460 /
1.2 51 / < 0.1 475 / - 137 / 5.1 612 / 607 /
1.6 41 / 0.25 356 / - 103 / 9.5 459 / 455 /
2.0 35 / 0.3 285 / 100 82 / 12 367 / 100 363 / 100
3.2 24 / 2.2 178 / 92 51 / 17 229 / 226 /
6.4 14 / 9.5 89 / 95 26 / 23 115 / 100 112 / 100
6.2.2Distinct interface slopes
Another capillary barrier property that impacts the water movement in the flow
domain is the angle of the inclined contact between fine and coarse media ((I) in Fig.4).
For a non-sloped interface, infiltrating water builds up a capillary fringe; with progression
of water input, water will more and more percolate into the coarse layer due to the
increased water content above the interface. However, sloping the interface will allow
water to move laterally, whereas for small angles this diversion is rather small. With a
bigger slope this diversion capability increases and less water infiltrates into the coarse
layer; This relationship is outlined in Fig.21, with distinct interface angles ranging from
tan0) = 0.05 to tan(4) = 0.15.100
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Fig. 21Breakthrough in percentage of infiltration rate q at steady state below the straight interface of a three meter
long capillary barrier for different interface angles. (q = 1.0 cm/hr, t = 50 hr, 12/20- 40/50 sand).74
The figure indicates that doubling the interface angle from tan(q)= 0.05 to
tan() = 0.10 reduces the highest maximum breakthrough from 42 % to about 3.1 percent;
enlarging the angle by a factor of three diminishes the breakthrough from 42 % to 0.26 %
of q. Capillary barrier applied with smaller infiltration rates show less ofa down-dip
effect if the magnitude of highest breakthrough did not reach the magnitude ofq (Fig.19);
similar to that, the down-dip effect is less developed for bigger interface angles (Fig.21).
In all equations denoted in chapter 3 and from Tab.4, the diversion length, L, is
linearly related to the interface angle (I); or in other words, Ltan(0) / q. Thus, doubling
the interface angle while halving the infiltration rate should result in thesame leakage
pattern (diversion length). However, this could not be proven with the numerical solution
(App.B-Fig.7); A reason for that discrepancy between analytical and numerical solution
could be the down-dip effect.
While (24) and (28) give diversion length smaller than 245 cm for all angles
(Tab.4), (25) predicts values of L not to be less than 285 cm and for (30) and (31a) those
values are far beyond the length of the barrier (367 cm- 1100 cm). If we compare the
values of breakthrough given by Fig.21 that are appropriate to the values of L in Tab.4,
we find again equation (24) to be relatively conservative; breakthrough values appropriate
to the given diversion length L for (24) and (28) are 1.8 % and 18,5 % for tan(4) = 0.05,
0.03 % and 20.5 % of q for tan(0) = 0.1, and 0.006 % and < 1 % of q for tan(0)= 0.15,
only. The breakthrough value of (28) for tan(4) = 0.15 is influenced by the down-dip
effect.75
6.2.3Distinct material combinations
As outlined in chapter 2 and 3, the material building up the capillary barrier
should have highly contrasting hydraulic properties. As outlined in Fig.5 and Fig.6,
where hydraulic conductivity and water content, respectively, are graphedversus pressure
potential, a combination of 12/20 sand for the coarse and 40/50 sand for the fine media
would indicate such a big contrast. On the other side an alliance of 20/30 sand and 30/40
sand stands for the least disparity.
Four different material combinations building a three meter long capillary barrier
system (12/2040/50; 12/2030/40; 20/30 40/50; 20/3030/40) were implemented
into HYDRUS-2D and the leakage pattern along the interface for all four simulations
determined; the results are delineated in Fig.22.
In Fig.22 the least contrasting material combination, 20/30 40/50 sand, exhibits
an almost entirely ineffective barrier system. The lowest leakage is located at the up-slope
crest with about 6 %. Maximum leakage decreases from 100 % for the 20/30 40/50 sand
combination over 48.4 % with 12/2030/40 sand and 25.6 % with 20/30-40/50 sand to
0.65 % of q with 12/20 - 40/50 sand. The results confirm the statement that the highest
contrasting media combination produce the lowest leakage.
From Tab.2 we find once more that (24) predicts the shortest diversion length and
with this equation the appropriate breakthrough values for the calculated Lare found in
Fig.22 to be less than 1 % for all media combination except for 20/3030/40.1000
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For all media combinations, equations (25), (30), (31a) and (31b) seem to overestimate
the efficacy of the capillary barriers systems. The breakthrough values given in Fig.22
that are appropriate to the denoted diversion lengths obtained with (28) (see Tab.2) range
from 0.65 % for 12/20 - 40/50 sand to 5.8 % with 20/30 40/50 sand25.
6.2.4 Anisotropy of the fine layer
Stormont (1995: p.783) stated that in a homogenous layer, anisotropy is due to
particle orientation which could be engineered purposefully; the limit of anisotropy in
natural homogenous media is about 4. Stormont reported furthermore that an anisotropic
fine layer with K = 4* K can increase the diversion length four times.
Above statements were tested performing simulations in HYDRUS-2D with a
capillary barrier system built by 12/20-4050 sand and an interface angle of tan(4) = 0.10.
Such a system with an infiltration rate of 1.6 cm/hr is depicted in Fig.23 showing the
water content distribution in the problem domain. The deflection of water on the left side
of Fig.23 (water flowing from the down-dip edge) is due to the anisotropic fine layer.
Anisotropy of the fine media is adjusted in a way that the hydraulic conductivity parallel
to the interface is four times the one perpendicular to it.
Comparing the water content distribution at steady state of the same capillary
barrier system for two cases, with (a) an isotropic fine layer (Fig.17) and (b) an
anisotropic fine layer (Fig.23), put out vast differences. The capillary fringe of the
25Note: The value of diversion length for 20/3030/40 sand can not be calculated with (28)40-50 sand
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Fig. 23Volumetric water content in the flow domain of a capillary barrier system at steady state consisting
of an isotropic 12-20 and an anisotropic 40-50 sand with a straight 3 meter-long interface.
(t = 50 hr, q= 1.6 cm/hr, tan phi = 0.1)79
isotropic fine media in Fig.17 is much higher than it is for the anisotropic fine layer in
Fig.23. This means that the volumetric water content, and thus, thepressure potential in
the capillary fringe differ. The lower pressure head at the contact of fine andcoarse
material found in the anisotropy case gives a smaller hydraulic conductivity value for the
coarse media and, hence, less water percolates into the lower layer. This is reflected in
Fig.23 by the very low water content of the coarse material.
The leakage pattern into the coarse layer for both cases anisotropic and isotropic
fine sand is outlined in Fig.24. For q = 1.6 cm/hr the maximum leakage in percentage of
infiltration rate q is obtained from this figure to be 0.009 % for anisotropic conditions and
52.8 % for the isotropic state.
Besides the two simulations described above with q = 1.6 cm/hr, different
infiltration rates were applied on the anisotropic system. The results of those simulations
are depicted in Fig.24, as well. As found in chapter 6.2.1 the values of maximum leakage
do not increase linearly with higher infiltration rates, due to the non-linear dependency of
hydraulic conductivity and water content from pressure potential. Doubling the input
from 3.2 cm/hr to 6.4 cm/hr enlarges the maximum leakage from 0.14 % to 27.5 %, anda
quadruple leads to 88.8 %.
Stormont stated that an anisotropy ratio of four extends the diversion lengths by a
factor of four. Taking the 0.1 percent breakthrough value of a simulation with isotropic
conditions and infiltration rate of q =1.2 cm/hr (Fig.19), we obtain a diversion length
of about 55 cm. For the anisotropic case with q = 6.4 cm/hr a similar diversion length for100
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the 0.1 % breakthrough value (Fig.24) is given with 58 cm. Similar to that the diversion
length for q = 3.2cm/hr under anisotropic condition is found to be 178 cm/hr, while for
isotropic condition with q = 0.8 cm/hr and q = 0.4 cm/hr, L is given with 117 cm and
>250 cm, respectively. From shape and location of those two graphs (0.4 cm/hr and 0.8
cm/hr in Fig.19) we can assume the result with q equals 0.6 cm/hr might give a similar
value of L as found with the anisotropic barrier with q = 3.2 cm/hr. Thus, the diversion
length improves by a factor of about five for an anisotropic fine layer with Kx,= 4 * K.
From the predicted L values in Tab.5 and the appropriate diversion lengths in
Fig.24 we find equation (35) to be rather conservative with breakthrough values below
2 % for all infiltration rates. Contrary to (35), (38b) over-predicts the diversion lengths,
e.g. graph for q = 12.4 cm/hr reaches 100 % breakthrough for predicted value in Tab.5.
6.2.5Interface defects
Defects along the interface either produced during the construction of the capillary
barrier or due to settling of soil and deposits, are able to diminish the capability of
capillary barrier systems to divert water laterally and, thus, reduce the degree of deposit
protection. Since the failure of a capillary barrier system is very critical to the underlying
deposits, one should have some knowledge about the change in leakage pattern due to a
certain sized defect.
To get some ideas about the influence of interface defects on the water movement,
a small (1.5 cm high) and a large (3 cm high) triangular shaped upward defect and a small82
(1.5 cm deep) triangular shaped downward defect were implemented in a three meter long
capillary barrier. The defects are located at a location 1.5 m in down-dip direction and the
infiltration rate was set to be q = 0.8 cm/hr. The computational error (er) at time
t = 50 hr was found to be smaller than 0.35 % for all simulations.
In Fig.25 the leakage pattern into the coarse media is depicted for simulations
with upward defects in comparison to one simulation without any defect. The figure
illustrates that the small defect has hardly any effect on the water movement, except in
the region exactly below the defect. In this area a lower breakthrough is found while the
up-slope area shows a slightly higher leakage.
With the extension of defect height to 3 cm more lateral flowing water is dammed
above the interface, which enlarges the pressure head in the up-slope region and, hence,
increases the leakage up-dip (maximum breakthrough increases by a factor of 2).
The leakage into the coarse layer down-dip of the defect is higher as well. It can be
assumed that for the given capillary barrier system a further increase in defect height will
enlarge the leakage into the coarse media in a non-linear fashion, since more water will
be retained in the area up-dip of the defect.
Fig.26 shows the water content distribution in the flow domain of a three meter
long capillary barrier with a down-dip interface defect (1.5 cm deep) located 1.5 meter in
down-dip direction. The defect increases the height of the capillary fringe and, thus,
reduces the pressure potential above the contact of fine and coarse soil at this point. Since
the hydraulic properties of the lower coarse soil is regulated by the increased pressureno defect
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Fig. 25Breakthrough in percentage of infiltration rate q at steady state below the straight interface of a three meter long
capillary barrier for a simulation with no defects in comparison to simulations with upward defects. Note: Height of
defects in parenthesis.(q = 0.8 cm/hr, t = 50 hr, tan(phi) = 0.1, 12/20- 40/50 sand)
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Fig. 26 Volumetric water content [cm3 / cm3 ] in the flow domain ofa capillary barrier system with a downward
interface defect (1.5 cm deep) after 50 hr of steady infiltrationq. (3 m long straight interface, q = 0.8 cm/hr,
tan(phi) = 0.1, 12/20- 40/50 sand)85
potential at the contact of fine and coarse media, and due to the conservation laws, more
water percolates into the coarse material below the defect. The leakage in the vicinity of
the defect increased from 0.3 % to 8 % (Fig.27). The defect has only an insignificant
influence on the down-dip portion of the barrier but decreases the breakthrough in the
upper part of the barrier system.
We can assume, similar to the upward defect that a deeper downward defect
enlarges the flux into the coarse layer strongly; a very deep defect will be able to divert
all water flowing laterally from the up-dip portion of the barrier system. A sequence of
such large downward defects would give a similar "fingering" flow pattern as found by
Steenhuis et al. (1991) (see App.B- Fig.l).
The downward defect in comparison to an equally sized upward defect has a much
higher influence on the flow pattern in the vicinity of a capillary barrier system. This is
depicted in Fig.25 and Fig.27 with the upward defect (1.5 cm high) showing no
significantly different flux pattern into the coarse media while the downward defect
increases the leakage by more than an order of magnitude.
In Fig.28 both an one meter long and 3 cm deep downward defect at a down-dip
distance of 4 m and a 3 cm high upward interface defect starting at a down-dip distance of
7 m was implemented in a nine meter long capillary barrier system. Such defects
extending over a certain area might be due to settling of soil or deposits. For this
simulation the applied infiltration rate q equaled 0.2 cm/hr and the computational error
(er) is found as 0.5 %.10
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The maximum leakage in the vicinity of the down-dip defect exceeded four times
the infiltration rate q, while the maximum values for the up-dip defect did not exceed
30 % of q. In comparison to that for the same capillary barrier system but withoutany
defects the highest breakthrough value is below 2 % of q.
6.3 Alteration of capillary barrier systems:
Curved, straight segmented and double-layered systems
In the former chapters consideration of capillary barrier systems primarily focused
on single inclined straight interfaces; in the simulations performed and discussed in
chapter 6.2, the straight interface system was modified by changing the material
properties, the interface angle and by applying an anisotropic fine soil layer.
In this chapter two new ideas will be introduced that are able to improve the
capability of a capillary barrier system to protect underlying deposits: The first idea is the
use of double-layered interface systems which allow to divert water that percolated
through the first upper coarse layer along a second lower interface. The second idea,
introduced by Selker (1996), is to engineer a curved interface with an increasing slope in
down-dip direction.
Let us first consider the second idea, the curved interface, in some more details.
Referring to Fig.17 the volumetric water content in the capillary fringe above a single
straight interface enlarges in down-dip direction. Similar to that we also find a linear89
increase in diversion capacity,Qn,down-dip(Q,ax= q x' with x' as the horizontal
distance of the interface). In Fig.19 the maximum leakage in this system is found
(due to the influence of the down-dip effect) 190 cm in down-dip direction witha value
of 52 % of q while at the up-dip end the leakage is below 0.1 % of q, only.
Selker (1996) stated that the optimal use of the total fall in elevation has been
achieved when the breakthrough flux through the interface is constant along the entire
interface. This means for the case depicted in Fig.17 that the local slope in theupper
portion of the barrier must decrease to allow a higher breakthrough while in down-dip
direction the local slope must increase to lessen the leakage. Selker (1996) found
furthermore that a parabolic shaped interface provides an optimal diversion, since the
capillary fringe at each location above such an interface is equally developed.
In Fig.29 the volumetric water content in the flow domain of such a parabolic-
shaped capillary barrier system is depicted.26 As mentioned above, contrary to the water
content of a straight capillary barrier system as shown in Fig.17, the parabolic shape leads
to an equally developed capillary fringe above the interface. In this figure and in Fig.30,
where the leakage pattern of both straight and curved double-layered barrier systems with
equal drop height and layer thickness (see Fig.11 and Fig.12) as well as infiltration rateq
is exhibited, the advantage of a curved interface system is clearly shown. The value of
breakthrough is corresponding to the equally evolved capillary fringe constant along the
interface except for the lower portion where the down-dip effect lessens the leakage.
26Note: In this figure the second idea, the double layered system, is also applied. The material distribution
for this double-layered curved interface system is shown in Fig.12.40-50 sand
12-20 sand
Volumetric water
content [cm3 / cm3 ]
4m
Fig. 29Volumetric water content in the flow domain of a capillary barrier system at steady state consisting of 12-20
and 40-50 sand with two 3 meter-long, overlaying, curved interfaces (q = 1.6 cm/hr, t = 50 hr)100
10
0.1
0.01
0.001
0.0001
0.00001
0.000001
o upper curved interface
--a lower curved interface
a upper straight interface
-A- lower straight interface
0
up-slope
50 100 150 200
Horizontal length of the interfaces [cm]
250 300
down-slope
Fig. 30Breakthrough in percentage of infiltration rate q at steady state for double-layered capillary barrier interfaces:
curved versus straight interfaces. Note: The curved and the straight interfaces have the same drop in height from
up- to down-dip end. (3 meter long interfaces, q = 1.6 cm/hr, t = 50 hr, 12/2040/50 sand)92
The maximum breakthrough flux for the upper curved interface does not exceed
7 % of q while the value for the upper straight interface reaches 52 %. The second layer
of both straight and curved interfaces does diminish the breakthrough flux below 0.01 %;
Note that on a log-normal plot the straight interface exhibitsa typical curved-shaped and
the curved interface a quasi-straight-shaped graph for both upper and lower interface.
From chapter 6.2.1 we know that the breakthrough pattern for a straight interface
is not linearly dependent on the magnitude of infiltration rateq. Since the same physical
properties also apply for the curved interface we can expect to obtainan equivalent
behavior for curved capillary barrier systems. The relationship of breakthrough fluxto
distinct infiltration rates q below a double-layered curved interface system is delineated in
Fig.31. As expected doubling the infiltration rate q from q = 1.6 cm/hr to 3.2 cm/hr
increases the maximum leakage through the upper interface from 7 % ofq to 48 %, while
the lower coarse media is percolated by a leakage flux of practicallyzero percent and
1.6 % of q, respectively. However, quadrupling the infiltration rate q leads to maximum
breakthrough values of 74 % for the upper and 46 % for the lower interface.
Selker (1996) stated that the construction of a smoothly changing slope might
present some logistical difficulties. However, the parabolic shaped interface could be
approached using n straight segments instead, whereas the total drop in elevation from
up-dip to down-dip end of the barrier would equal to the one given with the parabolic
shaped interface27.
27
The parabolic-shaped barrier can be considered as a straight interface with an infinitesimal number of
straight segments with distinct local slopes.100
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Fig. 31Breakthrough in percentage of infiltration rate q at steady state for double-layered curved capillary barrier
interfaces with different infiltration rates q. (t = 50 hr, 12/20- 40/50 sand, 3 m long interfaces)
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Such a segmented interface system is tested with HYDRUS-2D by setting up two
double-layered capillary barrier systems whereas one utilizes five straight interface
segments and the other three segments to approach the parabolic shape. On these systems,
two distinct infiltration rates (q= 3.2 cm/hr and q = 6.4 cm/hr) are applied and the leakage
pattern into the coarse media for both the upper and the lower interface is depicted in
Fig.32 and Fig.33, respectively28. By means of comparison the leakage pattern, the results
for the parabolic-shaped interface system is shown in these figures as well.
From the knowledge of straight interfaces we would expect the highest
breakthrough values to occur not at the lowest end of the straight segments due to the
down-dip effect between two segments but rather in somewhat up-dip distance of the
segment's end. This flow pattern is indeed given in Fig.32 and Fig.33 for both the upper
and the lower interface of the three-segmented and five-segmented interface system. The
lowest breakthrough generally occurs in the vicinity of two joining segments.
Compared to the three-segmented system, the five-segmented interface systems
shows less fluctuation in maximum and minimum breakthrough flux and, hence, the five-
segmented system does approach the result given with the parabolic shaped system in a
better way. From this we can assume that a higher segmentation leads to a smaller range
of maximum and minimum leakage values. An infinitesimal high segmentation achieves
the leakage pattern of the parabolic system.
28Note: Fig.32 is on a log-linear scale while Fig.33 is a non-logarithmic plot100
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After Selker (1996) a three-segmented barrier system increases the diversion
capacity by 50 % when compared to a straight barrier system and a five-segmented
interface system exhibits 83 % of the parabolic-shaped interface system.
The total amount of water diverted laterally along the interface for different infiltration
rates q and for differently shaped interfaces (straight, three- and five-segmented, and
parabolic) is pointed out in Tab.7. From this figure it can be seen that only the straight
interface exhibits lower amounts of deflected water while the other three interface types
show practically similar values for all infiltration rates; the upper straight interface diverts
about 8 % to 9 % less water than the other types of upper interfaces; except for the lowest
infiltration rate (q = 1.6 cm/hr) this percentage value is found for the lower interface, too.
Tab.7 Total amount of water diverted laterally in three meter long capillary barrier
systems with differently shaped interfaces. The total amount of water diverted
laterally is given in percentage of water infiltrating into the fine layer above the
barrier.
infiltration ratestraight system
upper/lower
three-segmented
system
upper/lower
five-segmented
system
upper/lower
parabolic-
shaped system
upper/lower
q = 1.6 cm/hr 82.3 / 100 94.3 / 100 94.1 / 100 94.9 / 100
q= 3.2 cm/hr 51.2 / 87.1 64.4 / 98.6 64.6 / 98.4 64.9 / 99.0
q= 6.4 cm/hr 32.1 / 53.6 40.0 / 67.7 40.9 / 67.8 40.4 / 68.0
Although the maximum values for the upper and lower three- and five-segmented
and curved interfaces differ by up to 17 % for equal infiltration rates (Fig.34), the total
amount of water diverted laterally (Tab.7) does change minimal, only.100
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In Fig.34 we also see that the upper curved interface shows similar maximum leakage
values with an infiltration rate of 3.2 cm/hr than the straight interface with half of that
infiltration rate. For higher infiltration rates the reduction in infiltration rates from upper
curved to upper straight interface to obtain similar maximum leakage value seems to be
even higher than a factor of two. The reduction factor of maximum leakage for the lower
interfaces between curved and straight capillary barrier to obtain the same values of
leakage exhibits a factor of two as well.
As mentioned for Fig.32 and Fig.33, the less-segmented interfaces generally
displays a higher maximum leakage value than the higher segmented barrier types; Note
that the curved interface is considered to be an infinitesimal highly straight-segmented
interface. Since the five-segmented interface in comparison to the curved interface differs
by less than 6 % in maximum leakage, only, this capillary barrier system might be an
acceptable alternative to the more difficult to construct curved interface system.
Depending on the design criteria even the three-segmented interface system might give
sufficient results.100
7.DISCUSSION SUMMARY
From the statement of Montazer and Wilson (1984: p.29) and from chapter 2.2
(physical background of capillary barriers) we expect a capillary barrier with a horizontal
interface to show smaller leakage into the coarse media when the barrier is built by media
with higher property contrasts. In Tab.2 equations (30) and (31a) give shorter diversion
lengths for a combination of 12/20-40/50 sand than for the less contrasting 12/20-30/40
sand; From this we can conclude that a capillary barrier system with an inclined interface
does not necessarily perform better with highly contrasting materials, since the amount of
water diverted laterally depends on the hydraulic conductivity of the fine media (Ksi);
In this example, the values of Ko for 30/40 sand is two times bigger than the one for the
40/50 sand. The numerical solution, however, does not lead to the same result; in Fig.19
the diversion length is bigger for a combination of 12/2040/50 sand than it is for
12/2030/40 sand. Simulations with higher infiltration rate, q, for both material
combinations lead to the same result (q = 3.2 cm/hr; results are not shown in this thesis).
The determination procedure of air entry and water entry values, outlined on
page 16, must be critically reviewed since those evaluations are used to determine the
diversion lengths with equations (28), (30) and (31a and 31b)29. The method used to
obtain ha and II, results in relatively small values of (hat -hw2) and, hence, the predicted
diversion length, L, from the analytical solutions are rather conservative.
29Note: (31a) is reduced to (30) if q/Ks, is close to zero; this is approximated for most of the simulations
since q12.8 cm/hr and Ks,258 cm/hr. Equation (30) is a direct combination of (25) and (28); thus,
only the first term in (30) depends directly on ha, and101
Referring to Fig.6, we can use the same procedure as outlined on page 16 with the
exception of taking values of 2.5 * Or (1.5 * Or) to get 11,2 and 0,1.5 * Or (0,0.5 * Or) to
obtain hal for a more progressive (conservative) case; from this we calculate values of
8.0 cm (progressive) and -4.2 cm (conservative) for (hai-hw2). Using these two values in
(28) leads to a range of diversion length between 135 cm and 258 cm. Hence, we can
conclude that the procedure to determine the values of ha and hw is very critical to
equation (28); These estimates are less critical to (30) and (31a) since the values of L
calculated with those equations are more influenced by the second term of (30) which
equals equation (25).
Another point to be discussed are the vast differences in diversion length given
with the analytical solutions. In Tab.2 a factor in diversion length difference of up to 140
(!) is depicted when using (24) compared to (25). In the same table the smallest factor
between maximum and minimum values of L is given with >13 for 12/20-40/50 sand.
Similar discrepancies are found between values of L for distinct equations in Tab.3 and
Tab.4. From a design perspective these extreme differences in predicted diversion length
render the choice of the "right" equation much more difficult. Another disadvantage of
these analytical solutions is their uselessness when a design criteria allows, e.g., an
acceptable leakage (qa) of ten percent of the maximum expectable infiltration rate q.
Those equations are not directly able to implement such an criteria. However, an
acceptable leakage value could be implemented in Ross' solution scheme in equation (21)
with K, e''') = Kri(0) =Oa / Kot1a2) and, hence, (24) could be written asKs, tangy
clot 1
al ( ( q a2 q
1(s2 ) IK.s, )
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(24a)
For a combination of 12/2040/50 sand with q = 0.5 cm/hr and tan(4) = 0.1, the
diversion length, L, is found as 47 cm with qa = 0.1 * q while the value of L with (24)
results in 95 cm (Tab.2). From the comparison of those two results and from the leakage
patterns found in all numerical solutions we can conclude that Ross' statement of having
a rather short transition zone for highly contrasting media between the point of first
leakage and the down-dip limit is not reasonable.
All equations (24), (25), (28), (30) and (31a) show that Ltan (4) / q (see Tab.4).
This means that doubling interface angle, (I), while halving infiltration rate, q, should give
a similar breakthrough pattern. The numerical solution, however, did not proof this
expectation (App.B-Fig.7). The influence of the down-dip effect might be able to partly
explain the discrepancy between analytical and numerical solution. Similar to the
interface angle, all equations except (24) are linearly related to infiltration rate q (linear
related to 1/q). The numerical solution leads to the same conclusion that the relationship
between diversion length, L, and the inverse of infiltration rate, q, is linear (App.B-Fig.8).
In Tab.5 equations (35) and (38) predict an increase in diversion length by a factor
of 4 and >17, respectively, using an anisotropic fine layer with Kx = 4 * Kzz instead of
an isotropic fine layer. In the numerical solution, the diversion length increases by about a
factor of five and, thus, the statement of Stormont (1995) who predicted a factor of four is103
a conservative approximation. Equation (38) rather over-predicts the diversion length
while (35) leads to predicted L- values that are close to the numerical observations.
In general, the movement of water in the vicinity of a capillary barrier system is
significantly influenced by both upward and downward defects. Interface defects
implemented in the numerical model resulted in a "fingering flow pattern" into the coarse
media (Fig.26). Upward defects exhibited less of a breakthrough than similar seized
downward defects. A 1.5 cm deep downward defect located half the distance in down-dip
direction increased the flux into the coarse media by about 8 % (Fig.27). Big defects are
found to divert large amounts of water (q, = 4 * q; Fig.28) from the up-dip area; very
large defects are expected to divert all water from the up-dip area. Defects might be
purposefully constructed at a certain down-dip position to collect water from up-dip.
This water could then be diverted away from the capillary barrier system using a half-
pipe below the defect; The effect would be a reduction in total amount of water above the
interface and thus (a) decrease the magnitude of leakage into the coarse media at non-
constructed defects and (b) enlarge the diversion length.
Both the use of double-layered and parabolic-shaped interface systems exhibited a
significant improvement in total lateral water diversion. The second lower straight
interface showed an increase in laterally diverted water of up to 28 % (Tab.7) and reduced
the maximum breakthrough values extremely from 52 % to 0.01 % (Fig.30). The use of a
parabolic-shaped interface exhibited an equally developed capillary fringe which lead to a
constant leakage into the coarse media along the entire interface (except at the down-dip104
end due to the down-dip effect) (Fig.29). Thus, "the optimal use of the total fall in
elevation has been achieved when the breakthrough flux through the interface is constant
along the entire interface" (Selker, 1996), is accomplished by the use of a parabolic
shaped interface (Fig.30). The alteration of the interface from a straight to a parabolic
shape changes the leakage pattern into the coarse media from a more curved to a quasi-
straight shaped graph (Fig.30). To obtain similar maximum breakthrough fluxes into the
coarse media, the parabolic shaped barrier systems could be applied with about two times
the infiltration rate of a straight interface (Fig.34).
Due to the logistic difficulties in constructing a curved interface (Selker, 1996),
the parabolic shaped interface was approximated by the use of three and five straight
segments instead. The total amount of water diverted laterally in such double-layered
systems showed equal values for both the upper and lower interface as found with the
parabolic shaped barrier system (Tab.7). The maximum breakthrough values increased by
a factor of up to 17 % for the three-segmented and up to 10 % for the five-segmented
system when compared to the parabolic shaped interfaces (Fig.34).
By means of comparison, the same parameter and properties of a 1.6 meter long
capillary barrier system built by 12/2040/50 sand with two distinct infiltration rates
with equal boundary and initial conditions were implemented in two numerical models;
in a finite element model (HYDRUS-2D) and in a finite difference model (STOMP).
The results showed differences in maximum breakthrough flux of 7 % for q = 4.36 cm/hr
and 4 % for 8.76 cm/hr when using the Van Genuchten equation (App.B-Fig.9). In this105
figure, the shape of all graphs and the down-dip direction at which the maximum
breakthrough occurs are similar. The Brooks-Corey equation in the STOMP model
exhibited generally smaller breakthrough fluxes which is expected from the graphs in
Fig.5 and Fig.6 (HYDRUS-2D is not able to integrate the Brooks-Corey model).
Some critical remarks have to be made about the results with regards to (a) the
restriction of the HYDRUS-2D model and to (b) the validation of the results with the help
of experimental results and the use of a finite difference method (STOMP-model).
The HYDRUS-2D code is not able to implement any effects of hysteresis, watervapor
transport (e.g. across the contact of fine and coarse media) and thermal gradients that
might influence the water movement in the vicinity of a capillary barrier. Also theuse of
steady flow conditions does not represent of what a capillary barrier might be exposed to
under field conditions. At the time this report was finished, no experimental datawere
available to prove or disprove the numerical results due to technical problems with the
experimental device. However, the relatively small differences in breakthrough pattern
between HYDRUS-2D and the STOMP model (App.B-Fig.9) might lead to the
conclusion that the results shown in this report approximate what could be expected for
capillary barrier systems under field conditions, since Schroth et al. (1996) found similar
experimental and numerical results using the STOMP-model.106
8.CONCLUSIONS
The water movement in the vicinity of a capillary barrier is strongly influenced by
the media used to built a capillary barrier, the interface shape and angle, and infiltration
rate q. In comparison to a straight shape a parabolic shaped interface increases the
diversion capacity significantly. Three-segmented and five-segmented straight interfaces
exhibit slightly higher maximum breakthrough fluxes into the coarse media than the
parabolic shaped system but might be less critical to construct. In general, double-layered
interfaces improve the total amount of laterally diverted water significantly.
An anisotropy factor of four for the fine layer increases the diversion length by a factor of
about five.
Similar to the widely used low permeability layer as a protector of underlying
deposits, the performance of capillary barrier systems is very sensitive to defects along
the interface. It is not possible with the presented results, only, to make judgments which
capping system might be more efficient. Therefore, future research should numerically
and experimentally study the advantages of both systems.
Using distinct analytical solutions for the same capillary barrier system showed
vast differences in diversion length. In general, equation (25), (30), (31a and 31b) and
(38) over-estimated the diversion length when compared to the numerical results, while
equation (25) and (28) gave rather conservative values of L.107
Due to the restriction of HYDRUS-2D (no implementation of hysteresis, water
vapor transport and thermal gradients), the code is not able to fully represent processes
influencing the water movement in the vicinity of a capillary barrier. Reducing these
limitations could help to broaden the applicability of the code with regards to certain field
conditions. This might especially be of importance for comparison between experimental
and numerical results.
The lack of experimental data to prove or disprove the results presented in this
thesis reduce the value of the results; therefore, future research should be undertaken to
experimentally validate these results. A more detailed comparison of the STOMP model
with the HYDRUS-2D model might also be an interesting issue to be explored.108
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APPENDICESAPPENDIX A
A.1 Derivation of Ross' solution
A.1.1Derivation of the governing flow equation
Ross (1990) used Richard's equation stated as:
ao
=v[i(q1-01
at
111
(Al)
to obtain the governing equation for steady unsaturated water flow, whereas H is the total
potential, 0 is the water content, K is the hydraulic conductivity, t is the time and V is the
Laplacian operator.
Setting the potential H equal to y - z', where NJ is the pressure potential, Richard's
equation can be written as
at
K z')
whereas z' can be defined from Fig.4 in chapter 2 as z' = x sin4 + z cosh.
Therefore we can rearrange (A2)
=V[KVy1+V[1(v(x sin (1) + z cos
at
or
(A2)
(A3)ao
at
= V[KVy1+KXsin(I)+KzA cos(I)
A A
where x and z are the unit vectors and 1 is the interface angle.
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(A4)
Finally Richard's equation can be written for steady state, where mat iszero, as follows
OK. OK
0 =V[KVvid+ (I) + cos (11.
Ox az
(A5)
Gardner's relationship (K = Ice') between pressure and conductivity can also be written
as (K = KSKr) with Ks and Kr as saturated and relative hydraulic conductivity. Substituting
K = KsK, into (A5) and factoring out KS gives:
v[Krvy
OK . ], axr
OK+ az` cosh
whereas on the left hand site yr can be substituted by tv = (1/a) In (Kr), toobtain:
(A6)
V[KrVW]=V[K,V(-1 lnKrj] (A7)
or
V[K,Viv]=(V)2K, (A8) a
Putting (A8) into (A6) and multiply both sides with a gives the governing equation:
2
V Kr =
aKr
asin(I)+
OK'
acos(I)
ax az
(4)A.1.2 General solution for equation (4) in chapter 3.2
To find a general solution for equation below:
aKracos0
aK
r = o
2 az
we integrate (7) to obtain
aK,
a cos 0K,a cosOCb =0
az
rearrange (A9) to
faK,= a cos Oaz
KrCb
then integrating (A10) to
ln(KrCb) = a cos0 z + In Ca
and finally rewrite (A11) to end up with the general solution:
113
(7)
(A9)
(A10)
(All)
Kr = Caa c°s(l) z + Cb (7)114
A.2 Derivation of Steenhuis' equation with
Ross' solution scheme
In the reply of Ross (1991) to Steenhuis et al. (1991) derived Ross the Ross
Steenhuisequation, which includes both the a-value and hai and hw2, using his solution
scheme. He pointed out that Steenhuis' water entry pressure of the coarse soil, hw2, is
equal to his yi (0), or
1
hw2 =In
(L)Ks2
(Al2)
Solving (Al2) for q and substitute this into the first term within the parenthesis of Ross'
equation (24), depicted as
L
Ks' tan (I)(
q
(
(24) =
qa, K,2 0(s,)
gives for ha = 0
K tam') L=
Ks2e11"2"-2
cc,
\
q
(A13)
(A14)
qa,
or
KS,tam')
L=
Ks2i
1
Ks,
gal 0(s,)115
Since the divergence capacity for all ha,0 is dependent on the relative magnitude of ha,
and hw2, Qmax and L must be calculated for two cases, when (a) ha,hw2 and (b) ha, >
hw2.
For the first case, Ross (1991; p.2157) reports that the values of Ks, in (A14) can
be substituted with
Ks, = (A15)
to obtain
Ks, tan
qa,
e
(h 1-h .2)0(2
(
ha, < hw2 (31b)
Ks,
Note: Setting ha, = 0 in (31b) leads to (A13).APPENDIX B
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App.B - Fig.1Fingering in a coarse soil lense (Steenhuis et al. 1991; p.11, modified)0.2
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App.B - Fig.2Hydraulic conductivity versus pressure head. Step function with linear
interpolation of values in-between pressure head entries due to the
tabulation procedure of the hydraulic properties in HYDRUS-2D.fine material
coarse material
Volumetric water
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App.B - Fig.3Volumetric water content [cm3 / cm3 ] in the flow domain of a capillary barrier system after 0.5 hr of steady
infiltration q. (3 m long, straight interface, q = 1.6 cm/hr, tan(phi)= 0.1, 12/20 - 40/50 sand)Volumetric water
content [cm3 / cm3 ]
App.B - Fig.4Volumetric water content [cm3 / cm3 ] in the flow domain of a capillary barrier system after 2.0 hr of steady
infiltration q. (3 m long straight interface, q = 1.6 cm/hr, tan(phi) = 0.1, 12/20- 40/50 sand)Volumetric water
content [cm3 / cm3 ]
App.B - Fig.5Volumetric water content [cm3 / cm3 ] in the flow domain of a capillary barrier system after 4.0 hr of steady
infiltration q. (3 m long straight interface, q = 1.6 cm/hr, tan(phi) = 0.1, 12/20- 40/50 sand)Volumetric water
content [cm3 / cm3 ]
App.B - Fig.6Volumetric water content [cm3 / cm3 ] in the flow domain of a capillary barrier system after 6.0 hr of steady
infiltration q. (3 m long straight interface, q = 1.6 cm/hr, tan(phi) = 0.1, 12/20- 40/50 sand)100
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App.B - Fig.7Breakthrough in percentage of infiltration rate q at steady state below the straight interface of a three
meter long capillary barrier for different interface angles and infiltration rates. (t = 50 hr, 12/20 40/50 sand).123
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App.BFig.8 Numerical results of diversion length, L, for the 1 % breakthrough
value [cm] with different infiltration rates, q, for a capillary barrier
system with a straight interface. (12/2040/50 sand, tan(phi) = 0.1).
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App.B - Fig.9 Comparison of breakthrough pattern into the coarse media of a 1.6 meter long capillary barrier system
obtained with a finite element method (F. E.HYDRUS-2D) and a finite difference method (F. D.
STOMP- model) for two different infiltration rates q. VGM: Van Genuchten-(Mualem) model;
BCB: Brooks-Corey-(Burdine) model. (1.6 m long straight interface, 12/2040/50 sand, phi = 10 degree)